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FOREWCRD

The "Cost Benefits of Space Communications Technology" project under
Contract NAS 3-19700 was conducted by the Engineering Experiment Station
(EES) at Georgla Tech in conjunction with the School of Industrial Manage-
ment (IM). The program was administered under Georgia Tech Project A-1739
by the Systems Engineering Division of the Applied Engineering Laboratory.
This report describes the work performed during the period May 1975
through May 1976. The program was managed by the NASA/Lewis Research Center
Space Flight Systems Study Office. The NASA Program Manager was Mr. Steven M.

Stevenson.

The Georgia Tech Project Director was Mr. Larry D. Holland with
Dr. Peter Sassone serving as Associated Project Director. The project
was conducted under the general supervision of Mr. Robert P. Zimmer,
Chief of the Systems Engineering Division. In addition to the project
director, the project team was comprised of the key personnel listed

below along with their prineipal area of contribution.

B, G. Sassone (IM/EE) Cost-Benefit Methodology

J. G. Gallagher (EES) Millimeter and Optical Systems

S. L. Robinette (EES) Applications

F. H. Vogler, Jr. (EES) Communication Systems/Systems
Analysis
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This research program addresses from an economic point of view the questions

=

of (1) whether or not NASA should support the further development of space com-
munications technology and (2) which technology support, if any, should be given
9 the highest priority. The objective of the program is an assessment of the potential
benefits from a cost-benefit viewpoint of NASA space communications techmnology.
The developed cost-benefit methodology consists of a qualitative test for appro-
priateness of government support and a set of three quantitative stages of analysis
based on the concept of net present value (NPV). The qualification test for gov-
& ernment involvement is based upon probable market failure from such phenomena as
externalitites, public good, excessive risk, unemployment, economies of scale,
balance of payment, and national security. The overall methodology is sub-divided
i into three parts: screening, assessment, and ranking. Screening is composed of
the qualitative test for government involvement, NPV estimation, and NPV sensi-
tivity analysis. The assessment methodology approximates the probability density
function of the net present value whose mean is estimated in the sereening mechod-
o ology. 'The ranking methodology is based upon several statistics which are measur-
able from probability density functiomns.

User-preference and technology state-of-the-art surveys were conducted to

form a data base for the technology evaluation, The research program encompasses
near~-future technologies in space communications, earth stations, and satellites,
including the non-communication subsystems of the satellite such as the station

keeping, electric power, attitude control, etc.

Results of the research program imclude the conclusion that the screening,
assegsment, and ranking methodology provide a consistent, tractable, defensable,
and quantitative approach to evaluating potential NASA R & D programs. The five
technologies ranking highest in terms of their mean net present value are, in
decreasing net present value, as follows:

(1) Millimeter Communications Systems
(2} BSolid state power amplifier

(3) Low cost earth station

(4) Multi-beam antenna

(5) Ion engine.
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Economic evaliuation of the techmologies from a cost-benefit viewpoint has
shown that certain technologies should be implemented with govermment support to
accrue maximum benefits to the nation as a whole. Based on this analysis, NASA

should play an important role in advancing future communications technology.
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SECTION 1
INTRODUCTION -

The Space Communications Technology developed early in the NASA space
program has formed the basis for the current space communications industry
and for the associated ﬁnited.States leadership in the field. U. 5. government
budget cuts forced NASA to reduce the space program, and NASA choose to terminate
its space communications technology programs to implement the budget reduction.

The argument was made that space communications technology had matured to the point
where U.S, industry would implement the technology R & D programs necessary for
continued growth of the industry. For various reasons, this has not occurred:
when left on its own, U. S. industry has not funded the necessary space comnun-
ications R & D programs. TForeign nations, exploiting U.S.-developed technology
and receiving strong financial backings by their governments, have become increas-
ingly competitive in the development and marketing of space communications tech-
nology. If the United States is to retain its lead in space communications,
meet future demands efficiently, and possibly provide new socially beneficial
services, it will be necessary to increase the rate of implementation of techno-
logical innovations into operational telecommunication services. Prior to the
expenditure of additional resources for new technology development and demon-—
stration, it is necessary to have a measure of the potential benefits, risks, and
costs involved in the development and application of such technological innovations.
This report presents a methodology for such measurement with application to space
communications technology, A

Two major considerations are involved in the issue of U. 8. government
support of space communications technology development. First, is it indeed
desirable that the U. 5. govermment financially support the development and
demonstration of space communications technology? Second, (assuming an affirm-
ative answer to the first), which technologies should receive the highest priority
in such a development program?

Tiie cbjectives of this program are to provide NASA decision makers with a
methodology to be used as an aid in determining the appropriateness of space
technology support programs and to perform economic evaluations of alternative R & D
programs based upon this methodology. These objectives have been met by
(1) developing a cost-benefit assessment procedure, (2) cocnducting user need
and technology state-of-the-art surveys, and (3) applying the methodology to
the results of the surveys to produce a ranking of potential space communica-

tions technology development programs.




1.1 Cost Benefit Methodology

The R & D evaluation methodology was developed to meet five criteria,
First, the overall methodology must be internally conmsistent. It was recog-
nized early that the methodology would have to be developed as a series of
filters. Since a large number of advanced.techndlogies would have to come
undér'scrutiny, it was recognized that time and resources would not perﬁit a
detailed investigation of each one. Hence, a screening of technologies was
demanded, where the screening would filter the entire set of technologies
and reject the least promising. Only those technologies successfully passing
through the screening would be subjected to a formal assessment. Finally,
only those technology development programs which proved worthy under thgiformal
assessment would go on to be ranked for implementation priofitj. Thus, the
evaluation methodology consists of three steps: screening, assessment, and
ranking, It is clear that these three methodologies which comprise the over-
all evaluation methodology must be consistent with each other. That is, each
should be based on the same conception of what constitues a "good" R & D pro-
gram. It would be self-defeating if, for example, projects which failed
screening would tend to do very well in a formal assessment. Internal con-
sistency among the three methodologies is achieved by'grounding each in the
same cost-benefit criterion: net present value. The differences among the
steps are accounted for by the level of detail, not by the conceptual approach.

' The second criterion is relevance. By this is meant that the methodology
must properly address the correct research issue, and must lead to quantitative
results which logically establish the true value of a specified potential NASA
R & D program. Simply put, the methodology must be relevant to the issues.

The importance of the formal consideration of this criterion becomes evident
when one faces the distinction between the social value of an R & D project
and the social value of NASA's performance of that R & D project. Ordinary
cost-benafit analysis would address the former. However, the latter is the
real issue in this research. The methodology must be so framad as to address
the latter issue.

The third criterion is tractability. The methodology must strike the

proper balance between realism (thus complexity) and abstraction (simplifi-
cation). The methodology must account for the salient aspects of the problem,

vet remain simple enough to be operational.
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The fourth criterion is replicability. The methodology must be comsistent

with the scientific method: i. e., it must permit the same results to be
achieved by different investigators. Tuus, as much as possible, the methodology
must be based on objective, rather than subjective, inputs.

The final criterion is defengibility. The methodology must be theore-

tically and practically sound. It must prove reasonable to even avowed critics.
These criteria, coupled with the necessity to treat numerous technologies
and the complications of government undertaking activities which might be con~-
sidered to be in the private domain, gave rise to a three-stage evaluation
procedure. The three stapges, as mentioned, are screening, assessment, and
tanking.
1.1,1 Methodology Outline

The screening methodology has three components: qualification, net present
value (NPV) estimation, and sensitivity amalysis. Qualification attempts to
determine whether and to what extent the technology in question qualifies as
a legitimate povernment research program. Legitimacy is established by ref-
erence to the set of characteristics which economists have determined apply to
projects more efficiently undertaken in the publie, rather than the private,
sector. Priority is always accorded the private sector; however, certain
structural conditions of the economy and/or characteristics of the project
itself may intervene to foil the blind beneficence of the competitive economy.
In such cases, it may be argued, govermnment is properly involved in the pro-
vision of the good.

The NPV estimation is based upon partitioning of the flow of benefits
and costs of the project into time stages which roughly correspond to periods
in the life cycle of the technology. A key parameter im the estimation is the
"delay factor" which indicates how long private development of the technology
would lag its NASA development. This factor results in assigning a NPV of zero
to a project which simply displaces an equivalent private program, and assigns
the full project NPV only when the private sector would never undertake the
project. - Sensitivity analysis is performed on the parameters of the NFV esti-
mating equation. One at a time, each parameter is valued overi507% while all
other parameters remain fixed at their most likely values. The sensitivity
analysis highlights the critiéal parameters requiring most attention in aﬁy
subsequent detailed assessment.

The assessment methodology is a move sophisticated use of the NPV esti-
mation equation which incorporates not only the polled expert's estimates of

the input variables (development times, costs, etc.) but also thelr confidence

3




in the estimates (variance)._ Gaussian probability density functions are assumed
for the input parameters, and linearized version of the NPV function is used to
approximate the resultant NPV probability density function. This resultant

NPV PDF allows estimation of the likelihood that the value (NPV) of NASA sup-
porting the technology development project will exceed anj particular value
{e.g., zero). That is, one has available not only the expected value (mean)

but also a measure of the spread (variance).

The ranking methodology acts on those potential R & D projects which survive
assessment. Rankipg is a two~step process. Tirst, a full Monte Carlo simulatiomn
of the NPV of the project is performed which results in an empirical probability
density function and its associated cumulative density function. Since each PDF
has a number of statistics associated with it, ranking canncot be rcasonably based
on a single statistic (such as mean value). Rather, different positions toward
risk are parametrically adopted, along with relevant statistics, and ranking are
derived for each risk attitude.

1.2 User Need and Technology State of the Arts Surveys

User need and technology surveys were conducted to establish the group of
technologies for evaluation by the cost~benefit methodology developed in the
program. PFach survey included a review of the pertinent literature, telephone
interviews with industry and government agencies, and visits to some of the
industries and government groups. The objectives of the user survey were to ascer-
tain present and future needs, technology choices, demand projections, and opinions
on the degree of demomstration required for user acceptance of new technology items.
For purposes of this program, users were subdivided as to user of technology dir-
ectly, and user of resultant information. User classification included educa-
tional television, cable television, business data transactions, common carrier,
message service, social serviceg, transportation, and electronic mail service,
Results of the survey included itemization of the present user needs, future user
needs, desired improvement in the technology, and expressed need for future tech-
nology demonstration. Also included in the results are estimations of the numbers
of earth stations needed in each category and the channel capacity requirements
of the future for international and domestic communicatioms. In general, the
survey results reflected some '"new services" which will be able to be supplied
at reasonable costs by space communications technology but which are not economically
feasible with terrestrial communications technology. WNo truly new services in the
sense of not being technically possible with terrestrial communications were en-

countered.

REPRODUCIBILITY OF THE
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The technology state-of-the-art survey successfully utilized existing liter-
ature to a greater extent than did the user need survey; however, truly current
state of the art data was obtained only by direct contact with and visit to the
technology industry. Since the technology survey included not only the direct
space communications technology but also that of ground station and support
system for the owverall satellite itself, efficient use of the large amount of
technology survey material required development of the technology classification
structure (TCS) for efficient use of the resulting survey material. The TCS has
three main divisions for ground stations, launch and injection technologies, and
the satellite., The satellite technologies are fufther subdivided as to structure,
support (électric and thermal), and communications equipment. Ground station
technology is considered including user coanection, modulation and multiple
access techniques, transmitter, receiver, antenna, and propagation studies.
Satellite technologies include satellite structure materials and configuration,
station keeping, attitude comntrol, electrical power, thermal control, spacecraft
antenna, and transponder (including microwave millimeter, and laser).

1.3 Application of the Methodolagy
As a result of the user neel and techmology state of the art surveys, a set

of nine space communications technologies capable of meeting anticipated require-
ments has been selected for evaluation by the cost-benefit methodology:

low cost earth station direct demodulation receiver
ion engines

RF attitude sensors

advanced solar arrays

adaptive heat pipes

satellite multi~beam antennas

satellite solid state power amplifiers

millimeter communications systems

laser communication systems,

Each of these technologies is analyzed by the screening, assessment, and ranking
methodologies in this report.

Application of the cost-benefit methodology to a potential technology support
program requires specification of the sources and magnitudes of the benefit to be
accrued. 1In turn, the benefits can be quantified only after a base line is estab-
lished for comparison. In this program, the base line scenario is defined in term
of the projected demand for space communications (in terms of tiiousands of half
ecircuits), projected capacities per satellite, projected satellite life time, pro-
jected satellite costs, as well as prajections of the percent of the market sold

by U. 8. concerns and the percent utilization by the U. S.
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Estimates of the lower bound, most likely value, and upper bound for each of
the input parameters in the NPV model have been estimated for each of the nine
technologies by polling "experts" in industry or government groupé. These values
have been used, along with the baseline scenario, in the application of screening,
assessment, and ranking methodologies to the technologies.

Section 2 through 5 present the cost-benefit methodology for the screening,
assessment, and ranking of space communications technologies. Sections 6 through
9 then present the result of the user-need and technology state of the art surveys
which form a data base for application of the cost-benefit methodology in sections

10 through 14. Conclusions of the project are presented in Section 13.
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§ SECTION 2

THE GOVERNMENT'S ROLE IN R&D - QUALIFYING TECHNOLOGIES
FOR ADVANCEMENT BY NASA

It is not reasonable, in a market oriented economy, to assume that government
projects - the expenditure of public funds to achieve a goal - should be adopted
without very careful justification. As suggested above, our economic system
is structured to give priority to the private sector. Only when the private
sector fails to pursue the maximum social welfare (driven by Adam Smith's
"invisible hand") is there a strong argument for government activity. Indeed,
many economists would argue that "market failure" is one of the few firm jus-

tifications for public sector activity. In the following pages, the causes of

market failure are discussed. A technology should be considered appropriate

(i.e., qualified) for government (NASA) development only if the market would fail
= to efficire itly pursue its development in a timely fashion.

An industry decision te adopt a new technology depends on whether the pri-

vate benefits outweigh the private costs. A public agency, such as NASA, must
be concerned with whether social benefits outweigh social costs. It may happen

that, for some technology, while private costs exceed private benefits, the

social benefits exceed the social costs. This is a situation in which the
technology possibly should be implemented, or in some way subsidized, by govern-
ment.

Before proceeding, an explanation of the relevent terms assoclated with a
cost benefit analysis is in order. The following terms will be discussed:
private and social cost, externality, public good, institutionalized rules,
risk, international value of dollar, unemployment, economies of scale, non-com-
petitive markets and national security.

A private cost is what the individual (person, household or firm) must give
up in order to receive some good or service. A social cost is what society as
a whole must give up in order that the good or service be received by some
individual. For most goods and services, the social and private costs are iden-
tical. For example, the individual who purchases a suit of clothes for $100
gives up $100 worth of other goods and services he could have purchased. Like-
wise, snciety as a whole (under fairly general assumptions) gave up $100 worth of

other goods and services In order that the $100 suit could be made. Sometimes,




however, social and private costs diverge. The individual who pays $500 for one
year's worth of courses at a state university has given up $500 worth of the
goods and services he might have purchased. However, the year's worth of courses
has cost socjety much more (on average) than $500, since the state university

is subsidized. The social cost of a state university education exceeds the pri-
vate costs. Similar statements can be made about private and social benefits.

The measure, or yardstick, for costs is what must be given up, and the

measure of benefits is willinguess to pay. Thus, whereas some individual might

be willing to pay $500 for a year of state university education, society as a £
whole might be willing to pay, for example, $1000 for a year's education for

that person. The $1,000 would include the $500 the individual would be willing

to pay plus very small amounts other persons would be willing to pay toward

that person's education because they feel, for any number of reasons, personally
better off if that person becomes educated. They might feel, for example, that
that person's education may make him les: likely to become a criminal, or to wind
up on welfare rolls, or simply that his education will make him a more pleasant
potential neighbor. Thus the social benefits of education, as measured by
society's willingness to pay, exceed the private benefits.

When social and private costs, or social and private benefits, diverge an
externality exists. Externalities may arise from numerous, and largely differ-
entiated, circumstances. When an externality exists, and is judged significant,
there is good reason to suspect that the private sector of the economy is not
providing the socially optimal amounts of some goods or services.® In this
case, it is considered to be in the best interest of society that an appropriate
correction of private activity be effected by the public sector. Typically,
the correction can take twc forms: direct public intervention or indirect public
intervention. The former might be characterized by actual public provision of
the good or service, or by regulation of private producers, while the latter by
various financial inducements by government to the private sector to encourage
a modification of its production plans. With regard to education, the public
sector's intervention has been of the direct variety: public education is "pro-
duced" directly by local and state governments. A good example of the indirect
approach by government is the case of individual home ownership. Societyv has

decided that the social benefits of individual home ownership exceed the private

*By socially optimal is meant that collection of goods and services which maximizes
the welfare of society, subject to the overall availability of resources.
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benefits (for reasons too lengthy to get into here). To appropriately modify
- private sector Behavidr, the-federal'government allows interest payments Lo be
deducted from grosé income for tax purposes. This reduces the real cost (to
the individual) of borrowing and thus reduces the real cost of home ownership.
Somé'individuais who would not have otherwise purchased a home are now induced

to do so.

_For the mathematically inclined, and for those unconvinced by the foregoing

argument (the argument being that when social or private costs or benefits

U I diverge, public intervention can improve overall welfare), a more rigorous ar-—

gument is developed in Appendix I.

The example in the Appendix illustrates the general nature of an externa-
.lity:. one party is affected by the decisions of another party, yet the latter
party does not take the former into acccunt in making his decision. If the
latter is somehow induced to take proper account of the former, the externality
i 1s said to be internalized, Internalizing an externality leads to an overall
i increase in social well-being. It is generally recognized (at least among
T economists) that it is government's responsibility to see that significant
{ externalities become internalized. This is the economic basis for the instances
| of desirable government intervention in private decision-making.

? As mentioned previously, externalities may arise in a number of ways. Follow-
§ ing is a listing and discussion of some of the major occasions for externalities.

A Public Good is any good (or service) with both these characteristics:

(a) Non-competativeness in Consumption. This means that some person's con—

sumption of the good does not decrezse its availability to anyone else.

5 In other words, it is physically possible for more than ome person to
! simultaneously get the full benefits of the good.
(b) Non-Excludability. This term means that once the good is provided, it
is difficult or impossible to exclude any from freely consuming it.
The classic example of a public good is national defense. It is clearly non-
i competative since one's consumption of national defense does not in any way diminish
§w- the amount of national defense avéilable for others. Other examples of public goods

are lighthouses, clean air, some large parks or recreation areas, and police service

Public goods permit explicit recognition of the fact that some goods may at

§ou once be greatly demanded by consumers and yet not supplied by profit - oriented
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firms. This follows from non-excludability, since the firm which provides

the good would have no way of exacting payment for its consumption. Put
another way, the benefits of providing a public good are non-appropriable;

the firm producing the good cannot reap the benefits. This is in stark contrast
to the provision of a public good, such as bread. This firm may easily withhold
the rights to a loaf of bread pending payment to the firm by the demands of

a specified sum of money.

Principally with respect to accepted accounting procedures and the tax sy-
stem, externalities are built directly into some circumstances in the form of
Institutionalized Rules and Procedures. Several examples will illustrate the
point. Suppose that ten years ago a firm signed an agreement leasing office
space for $1,000 per yvear for 20 years. Suppose the firm is free to sublease,
if it desires. Suppose the current market value of the office space is $5,000
per year, and finally, suppose the firm's profits excluding the lease payments
are $3,000 per year. The final profit figure based ou accounting procedures
would be $2,000; 53,000 less the out—of-pocket costs of 51,000 for rent. The
current value of the space would never be considered. The true final profit
figure, as determined from economics, is -$2,000. This is because the firm
can shut down, sublease the space for $5,000, and earn a n=t profit of $4,000.
By choosing to earn $2,000 instead of $4,000, the firm is really losing the
difference: $2,000 per year. Thus profit is -$2,000. A decision to stay in
business based on the accounting profit results in a misallocation of resources:
the office space is not being used by the firm to which it is of greatest value,
i.e., the firm willing-to-pay 355,000 per year.

As another example, consider excise taxes levied on the producers of certain
goods. This directly causes private costs to diverge from social costs, and
causes a less than optimal amount of the good to be produced and consumed. In
the absence of the tax, costs to the firm and society are presumably identical:
land, labor, capital. With the tax, the firm pays an additional charge, yet
social costs are unchanged. This action leads to a cut in production.

Interdependent Production or Consumption, along with public goods, is per-—

haps the most significant class of externalities. The initial discussion of
externalities drew on a consumption interdependence: person A's utility depended

on B's consumption of x For completeness, Appendix I imncludes a brief dis-

1
cussion of production interdependence based on a pellution example. In the

example two firms are assumed to be located along a river; the upstream firm
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discharges an effluent into the river as a byproduct of its production process,
and the downstream firm draws water from the river for use in its production.
The downstream firm must treat the water, at some cost, to remove impurities,
The more impurities, the greater the cost. Each firm's goal is the maximi-
zation of its own profit, The overall social goal is the maximization of the
value of production. It is quantitatively shown in the appendix that a production
interdependence~—one firm's cost function dependent on the output of another--
gives rise to an externality. That is, the interdependence results in social
and private costs diverging, leading to a non-optimal resource allocation.
Many, if not most, commercial and industrial undertakings involve some
degree of risk: the possibility that the eventual returns will differ from the
planned returns. Most analysts agree that, faced with risk, society's best
interests are served when projects and their magnitudes are chosen to maximize
-G,

1 N
and expected returns *Rl...RN, and total financizal resources of C < % Ci’ the

expected returns. That is, given N possible projects with costs of C

. i=1
socially optimal set of projects is that total set which maximizes
N
Net Social Benefit = izl Q; (R;-C,)

N

subject to % Q¢ < C, where Q, is a 0, 1 variable: 1 if the project
i=1

is chosen, O otherwise. The underlying rational is straightforward, 1If a

large number of projects are to be chosen, those yielding less than the expected
returns will be balanced out by those yeilding more. Over a large number of
projects, the "expected" mnet social benefit is likely a very good predictor of
the actual benefits. Thus, the maximization of "expected" benefits is the best
guide to maximizing actual (but yet unknown) benefits.

Leaving aside the issue of whether net social benefits equal net private
benefits (for that issue is addressed in other sections of this discussion), the
question remains as to whether firms are motiviated to adopt the expected profit
{granting for the moment that profiit equals benefit) criterion. As can be readlly

appreciated, there are important situations in which the expectations rule is

% ces i i .o
Let Rll RlM be the M possible returns on project 1, and let Pll PlM be the
probabilities with which those returns are anticipated, then
M
R = P..R. ., and
1 j=1 171
likewise for RZ"'RN




likely to be violated. That is, there are situations when it is in the firm's
best interest to not maximize expected profit. This situation occurs when
only a limited number of projects are to be selected and an adverse payoff

on any one may spell disaster for the firm, As an extreme example, consider
Table 2,1. A firm has $2,000 to commit to projects. The table details the
costs, possible returns, probabilities of those returns and expected profit,

E(N), for each project.

TABLE 2.1

Example of the Influence of Risk on Private Decision-Making

POSSIBLE
RETURNS : $-100,000 $-1.0,000 $20,000 $200,000 COST BE(H)
PROJECT Probabilities of above Returns
1 .5 0 0 .5 52,000 48,000
2 5 .5 0 $1,000 4,000
3 0 .4 .6 0 $1,000 7,000

An example of E(II) illustrates the approach:
E(l for Project 3) = [0 (-100,000) + .4(-10,000) + .6(20,000)
+ 07 (200,000) 1 -1,000 = 7,000

With $2,000 available, the firm can choose to initiate one of the following:

Projects(s) E(I) Money Left Over
1 48,000 0
2 4,000 1,000
3 7,000 1,000
2 &3 11,000% 0
None _ ¢ 2,000

It is clear t, 2k the expected value rule gives rise to project 1. Yet, Table

2.1 shows that 17 1 is chosen, there is a 50% chance of a return of -$100,000.

*The projects are assumed independent of each other, so the expected values may
be added.
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A firm, particularly a small firm wherein a major loss would threaten its
existence, would reasonably refuse to accept such risk. We would expect that
projects 2 and 3 would be adopted.

The example demonstrates that when risks are high, the socially optimal
decision rule of maximizing expectations is not likely to be followed. Basical-
ly, the cause is divergence of soeial and private values. The private firm
values a 50% chance of a $100,000 loss different than a trillion dollar economy
values it. Society can easily bear the loss of $100,000 in goods and services,
the typical individual cannot,

The international value of U. S. currency is determined by the forces

of supply and demand in the market for dollars. When a firm in another country
desires to purchase goods from a domestiec firm, it must pay the American firm
in dollars. That is, it must find someone with American dollars and offer to
trade its own currency for dollars at some rate of exchange. The more foreign
firms desiring to buy U.S. goods, the greater the demand for dollars, and the
more must be paid {in foreign currency) to get them. Thus, a higher worldwide
price of dollars is established when the demand for doll :rs increases. U.S.
firms, wishing to purchase foreign goods, and having to pay for those goods

in the appropriate foreign currency, can now purchase a given amount of foreign
currency for less U.8. dollars (or equally, can now purchase more foreign
currency for the same amount of dollars). The real effect of an increased de-
ma:d for dollars, in terms of the flow of goods between foreign and domestic
firms, is that we are now able to trade less of our goods for more of theirs.
To the extent competition forces these benefits (in the form of lower prices)
to be passed on to the U.5. consumers, social welfare is improved by the in-
creased foreign demand for dollars.

It happens, however, that there is a divergence of private and social
benefits in this process. The firm which succeeds in developing a new product
with substantial foreign demand does not reap all the benefits associated with
the more favorable trade balance and thus is not motivated to pursue to foreign
sales to the extent socially desirable. For the firm, by stimulating foreign
demand for a U.S5. product, makes the terms of trade (number of dollars per unit
of foreign currency) more favorable for all domestic firms. All firms dealing
in international trade receive a benefit (lower foreign prices) due to the one

innovative firm. Since the latter cannot charge other domestic firms for this
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benefit, it pursues its foreign sales only to the point where marginal

private benefits = marginal costs, not the greater quantity where marginal

social benefits = marginal costs. It appears, then, that govermment has a le-
gitimate role in furthering U.S. efforts. There is a caveat in this, however.
Higher values for U.S. currency will tend to diminish foreign demand for U.S.
products, since their price will have risen. This will be a cost to some domestic
firms. Thus, there is a balance to be struck in the price of U.S. currency:

too high can be as damaging as too low.

Unemployment is a classic case of the divergence of private and social

cost, and has far reaching consequences for national ecoromic policy. The
basic consideration is simply stated: when a firm hires an unemployed person,
that person represents a real cost to the firm: so many dollars per month.
Nonetheless, that person's employment costs society nothing: since that in-
dividual was producing nothing in his unemployed state, society gives up nothing
to have him employed by the firm. This contrasts sharply with the case in
which the firm hires a person away from another firm. Society then gives up
his production in one employment in return for his production in another.
Society gains only if the value of his production now exceeds what it was
previcusly. It follows that it is in society's best interests for government
to stimulate the employment of unemployed persons.

With regard to Economies of Scale {Natural Monopolies), increasing returns

to scale (or diminishing average cost) presents a situation in which the free
market fails to provide the socially optimal amounts of goods involved, and
zenerally fails to organize production in the most efficient manner. From
elementary economic reasoning, it is evident that the socially optimal production

of a good is that amount such that the social willingness-to-pay for the last

item just equals the social cost of producing it. To see the sense of this pro-
pesition, suppose it is not adhered to, and the quantity produced is less than
this amount. Then there is some individual willing to pay, say, 10 for another
unit while the cost of producing it is, say, 3. Clearly, to product the unit and
sell it to the demander (for a price > 5 and < 10) makes him better off. Since
he is better off, and no one worse off, society as a whole is better off.

Economies of scale are said to occur when the cost of producing successive
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units declines. That is, over the entire range of production, average cost
declines. 1In consequence of this, average cost always exceeds marginal cost

(see curves AC and MC in Figure 2.1). Employing the principle that marginal cost
must equal marginal revenue to maximize profit, a'is the firm's output. Q% , the
socially optimal output is given by the intersection of marginal cost and demand.
The firm, it may reasonably be assumed, has little interest in maximizing social
welfare, Rather, its principal concern must be profit, and profit is maximized

when marginal revenue just equals marginal cost, at al Note that at 6}

Profit = Total Revenue - Total Cost

(Price X Quantity sold) - (Average Cost x Quantity Sold)

PxqQ- CxQ

Rectangle PWXC

However, if the firm produced Q%*,
P#Q% - C*Q*

Profit

It

Negative of Rectangle CH*YZP#.

That is, the firm could actually incur a loss if it produced the socially optimal
quantity. The situation gets worse, however. 8o far we have been assuming that
the entire market is served by a single firm. Suppose, instead, that two iden-—
tical firms share the market. In this case it can be shown that each will now
produce less than half of what the single firm could produce. In other words,
competition actually worsens the situation. The more firms there'are, the less
is produced; and even cne firm alone only produces Q < Q*%. The example applies
to a number of real situations, particularly the production of utility-type ser-
vices. In most cases, the government has stepped in, franchised a single firm
to provide the good, and has regulated its price and output so that something
better than (P, 6 ) occurs.

Non~Competitive Markets. The existence of monopoly power in a market obstructs

Adam Smith's "invisible hand" from turning the forces of private greed to serve
the social welfare, This case differs from the previous one in that, here, more
competition improves, rather than detracts from, social welfare, Otherwise,

the analysis is quite similar. The indication of monopoly power is that the firm
has influence over the market price of the good in question: the firm's market

share is substantial enough that, by increasing or decreasing output, it can
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cause the market price to decrease or increase. The firm need not be the

only firm in a market for it to exercise monopoly power, it is only necessary

that it have some influence over market price. When monopoly power of this sort
(decreasing returns to scale) persists, a likely cause is the existence of barriers
to the entry of other firms. In the interests of social welfare, the effect

of various federal laws is to make such barriers illegal. Nonetheless, the laws

re effective only in the most blatant cases. Much monopoly power persists,

and it is in the apparent best interests of society that it, or at least its

effects, be mitigated.

Natlonal Security. A great deal of federal activity proceeds under the aegis
of national security. The rationale for government intervention in the economy
in the name of national security is straightforward; which is not to say, how-
ever, that it cannot be abused. Basically, there appears to be two types of
gituations of interest. |

In the first, society has dire, though very infrequent demand for some
perishable good or service. For example, the services of many experienced
military-goods firms are required during wartime. It is not prudent to wait
for such firms to form when war occurs. However, the peacetime demand for such
goods would preclude the economic viability of such firms during peacetime.
Thus, it would appear to be in society's best interests for some such firms to
be supported by government during peacetime so0 that they may be available in
the event of war. There is no doubt that much actual defense expenditure is
for precisely this reason. The "best" number of firms, or the "best" level of
support are important questions underlying the analysis of each year's defense
budget. It is obvious there are no easy answers to such questions.

The second case involves U.S. dependence on foreign sources for vital raw
materials. The well-known economic argument in favor of trade (;amely that
by each country's specialization in preducing the goods for which it has a com—
petitive advantage, and by trading its goods for those of other countries, the
world community becomes as well off as possible) breaks down when political

factors begin influencing economic decisions. This appears to be the case in much
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of U.S. = Third World trade. 0il is a prime example, but other materials

are involved as well. Recent events suggest that, in the leng run, scociety
might be better off paying somewhat higher prices to domestic producers, and
thus sustaining their production capabilities, rather than relying on unstable
foreign supplies, This argument does not preclude trade in vital materials,
only complete dependence on foreign sources.

The foregoing discussion has described situations in which the private
sector of the economy fails to act in society's best interests. It is argued
that in these circumstances, government intervention is called for. That is,
social welfare is improved by government's direct or indirect prodding aof
private behavior.

Now, contrary to the tone of our remarks, government is hardly monolithic.
Rather, there are diverse departments, agencies, adminlistrations, bureaus, etc.
To a large extent, these govermmental units are organized along functional lines
--i.e., all (or most) matters pertaining to particular functions of government
are handled by a particular unit. Thus, we have such departments as Defense;
Transportation; Agriculture; Health, Education and Welfare; we have the Envi-
ronmental Protection Agency; the Federal Epergy Administration; and the National
Aeronautics and Space Administration; ete. Each of these units is charged with
furthering the social welfare as it is affected by its own area of interest.

It is not surprising that these units occasicnally exhibit a provincialism
rivaling that of private firms. This suggests that when there are interdepen-
dencies among units of government, we might find suboptimal decisions being

made because, just as in the case of private firms, the government units are

not motivated to take the interdependencies into account in their decision-
making. Therefore, cnce we free ourselves of themonolithic facade of governmment,
we realize that externalities may plague the public sector, as well as the
private sector. TFor example, a unit of government might find ‘that its own spon-
sorship of a new technology almost, but not quite, passes a cost-benefit test
(where only benefits to the sponsoring unit are considered). That unit may de-
cline sponsorship even though other units might gain enough benefits, -« side
effects, that total benefits actually do exceed total costs.

A different, but related, problem is the inertia in Federal budget alloca-
tions. A perusal of budget allocations shows that allocations do not fluctuate
much on a year-to-year basis. This year’s allocation is a very good predictor

of next year's allocation. On average, this would appear entirely reasonable,
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since on average, national priorities do not shift radically year tc year,
However, there can be little doubt that occasionally some national priority
(social welfare gradient) may shift quicker than the funds to adequately
deal with it. This can unduly delay the implementation of some socially
beneficial project. Thus, and not surprisingly, institutional rigidities
affect public, as well as private, decisions in an adverse manner.

In general, it would not be difficult to show that many of the reasons
underlying the failure of the private sector to optimally pursue the best
interests of society apply also to government. In large measure, this
follows from the decentralized nature of government decision making. Our
intention here is not to impugn decentrazlized govermment, for it has many
benefits. Rather, our intention is to caution against the unhesitating
acceptance of a government unit's willingness—to-pay for NASA R&D inm its
behalf as the true social value of that R&D. Certainly, it is a good guide.

But the presence of externalities, rigidities, risk, etc. can mitigate the
value of a government unit's willingness-to-pay as a guide to social welfare
in the same way that private willingness-to-pay is qualified in the presence
of those same factors.

In simple terms, what all this amounts to is recognizing that the
refusal of some government unit to sponsor NASA R&D in its behalf does not
necessarily imply that such R&D is not in the public interest. However, pru-
deﬁce suggests that, under those circumstances, it is emcumbent upon NASA to
establish that the R&D is in society's best interests. And needless to say,
however technically successful some NASA R&D may be, it is of no social
value unless it is implemented. Thus, NASA R&D performed for some other
government unit, in spite of indicatiorns that that wvnit has no intentions
of implementing the technology, cannot be justified.

The thrust of the feregoing arguments can be summarized as three conditions
which a technology development project must satisfy in order to be judged worthy
of NASA pursuit. First, and most clearly, the benefits of the project must out-
weigh its costs. This established that the project should be undertaken, but it
does not establish whe should do it. The presumption, at this point, must be
in favor of the private sector. Second, if the project were undertaken by govern-

ment, it should not displace private activity in that area. That is, a govern-

ment project should not substitute for an equivalent private one. Third, the
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observed reluctance of the private sector to pursue that project should not be
a temporary phenomenon., It should represent an equilibrium. These final two
conditions coupled with the first, Insure that the project is worth doing, the
private sector is not doing it now, and likely will not do it in the future.
Thus, the raticnale for government action is established.

How can it be determined that these three conditicns are satisfied? The
first condition is addressed by a cost-benefit analysis. It establishes whether
or not the project ought to be done, not who should do it. The second condition

is subject to verification by observation and suvveys. The third condition

presents difficultias, for it would appear to hinge on the ability to foretell
the future -- to foretell whether private industry will pursue certain R&D projects
at unspecified future dates. Clearly, 100% certain knowledge of these future
events is beyond hope. However, by recognizing the forces which shape the
future, reasonable predictions may be made. The forczs of interest here are
those forces which deter private decision makers from pursuing socially optimal
courses {courses whose benefits outweigh costs). The forces, then, are ex-
ternalities, public goods, risk, etc. When these situations are present, we
know the private sector is detered from committing its resources, since a
sufficient private return is difficult to achieve. Thus, the qualification
process addresses the third of the necessary conditions for a justifiable
government project.

The qualification process can be implemented in either a gqualitative or
quantitative manner. In this project, both courses were pursued. The
qualitative qualification process involves the fvllowing two steps:

1. Gaining a thorough familiarity with a proposed project.

2. Carefully checking each project against the list of
characteristics (externality, public good, etec.) to
determine whether that characteristic is present in
the project,

Clearly, the subjective element is unavoidable here. This is partially over-
come by the quantitative incorporation of qualification in the screening process.
This is done by estimating how long it would be before private industry initiates
an R&D project comparable tb the proposed project. As is explained later, this

figure directly scales the benefits of the proposed project.
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Thus, if the qualitative qualification fails to eliminate a proposed project on

the basis of absolute failure to satisfy any of the characteristics, the project

is passed through to the quantitative evaluation which still incorporates the
qualification hurdle in the so-called "delay factor".




SECTION 3

DEVELOFPMENT OF SCREENING METHONOLOGY

EH

3.1 Backzround

A technology screeaning methodology provides a basis on which to selec-
i tively admit space communiecation technologies te a formal or more extensive cost-

benefit assessment., It is an important function because available resources

a are insufficient to subject each technology to a formal assessment and, more-
over, because it is inefficient to do so.

; One of the key requirements imposed on a screening methodology is that

Eo it be consistent with the eventual formal assessment. TIf both screening and

§ assessment are thought of as processes of assigning values* to technologies,

: then a good screening methodology assigns values as close as possible to

b those values which assessment would assign.

Another requirement is that the screening methodology be tractable.

Its application should be relatively quick and easy. It should consume con-

R e

siderably less resources than assessment.
- Other requirements are that screening must be defensible to potentially
: hostile critics, and it should be quantitative. The consistency and tractable
: requirements dictate that "comservative' approaches and estimates be employed
P wherever possible. The quantitative requirement is imposed, not through any
naive belief that quantitativeness per se is desirable, but through the
i recognition that a quantitative approach makes explicit many otherwise hidden
assumptions and allows a more objective assessment of results.
2 The literature on R&D project selection can offer some guidance in the
construction of the screening methodology. In accordance with Moore and Baker [ 2
i approaches to project selection can be classified into four broad groups:
scoring, economic, constrained optimization, and risk amalysis.

Scoring Models are used to compute a single ordinal score for a project

SR AT Ry e LTS

based on values assigned to a number of key variables. These models are
easiest to implement, but suffer a number of potentially disabling flaws. A

simple example of a scoring model is the approach one might take in deciding

%A value can be an ordinal rank or a cardinal measure,
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on a new automobile. Key decision variables might include purchase price,
fuel ecunomy, seating capacity, ard estimated reliability. Each automobile
model under consideration could be given a rating of 1 to 10 on each variable.
Thenr each model's final score might be the sum or product of the individual
ratings, Although the approach is highly tractable, its arbitrariness is evi-
dent in rating the variables, weighting the ratings (uniform in the foregoing
example), and in the functional form combining the individual ratings.

Economic Models are based on present value, benefit-cost ratio or intermal

rate of return calculations. They are less tractable, but more defensible
than scoring models. They are deterministic and not well suited to optimizing
variables, such as timing, size, location, as more complex approaches might be.

Constrained Optimization Models, as the name suggests, employ operation re-

search techniques to optimize certain aspects of project selection, from the
choice of integral projects to the design of projects by parameter determina-

tion.

Risk Analysis Models postulate probgbility distributions for certain

variables and analyze the projected results in terms of probability density
functions,

The constrained optimization and risk analysis models are relatively
difficult to implement; however they embody many desirable features, notably
considerations of risk and uncertainty.

The approach that was adopted in this study attempts to embody the strong
points associated with the various modeling approaches, and yet satisfy the
criteria of consistency, tractability, defensibility, and quantitativeness.
Specifically, efforts were made to devise a single net present value formula
such that the proper specification of a limited numbexr of variables will enable
a "score" to be computed for each potential R&D project. Use of the NPV cri-
terion in screening assures consistency with formal cost-benefit assessment
since NPV is usually the appropriate criterion in CBA. Limiting the number of
variables involved in the screening equation is an attempt at maintaining
tractability, while choice of the most relevent variables contributes to defen-
sibility. Throughout, quantdtive estimates drive the analysis.

3.2 Structure

NASA management must decide whether it is in the nation's best interest

for it to pursue various space communication techmnologies. The conceptual

approach to determining the proper course of action is to identify and weigh




what is lost and what is gained by NASA's investment of resources in the
development of particular space communication technologies. Néedless to
say, a necessary condition for NASA to initiate an R&D effort is that the
gains to society outweigh the losses.

The art of identifying, gauging and comparing societal losses and
gains has been formalized under the rubric of cost~benefit analysis (CBA).

. CBA posits alternative scemarios--a description of resource use and consump-
tion opportunities if the project is undertaken and if the project is not
undertaken--and attempts to determine the value of the difference between
them, Essentially, such cost benefit analysis involves determining dif-
ferences on an annual basis and applying a discounting procedure to find a
present value,

Since in general, the cost benefit analysis preccedure does have its

pitfalls, it is imperative that a careful step-by-step process be followed
to insure that the final result prove a fruitful and true decision aid.*
The first step is the comstruction of the alternative scenarios for each R&T
project under consideration, However, since all the technology development
prajects are related in the sense that each is a part of a space communication
system, there will be similavities in the scenarios for each project. Thus,
the appropriate approach is the construction of a general form for the scenarios,
a form which can be utilized for each specific technology project.

Figure 3.1 is a schematic representation of the general form of alternative
scenarios for any given R&D project. Emanating from the left most node, the
decision point, are links representing the alternative decisions which manage-
ment can adopt. The upper line is a branch or path representing NASA's decision
to go ahead with the R&D. Along this branch, two additional possibilities are
encountered: industry may adopt the technology item (for eventual commercial
application) or mot. 1In the latter eventuality, the NASA R&D effort went for
nought, and the resources consumed must be considered wasted. Given industry
adoption, three "phases" or 'stages" follow, In sequence, these are an in-
dustry R&D period, during which the NASA R&D is extended or modified to suit
the intended commercial applications; an industry construction phase, during
which start-up costs, if any, are encountered¥, and finally, the implemen-
tation phase, when the technology is in operation and benefits are being

derived from its use.

%e.g., the construction of an assembly line, or the construction of
equipment to produce items embodying the new technology.
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The alternative to the foregoing scenario is the decision by NASA not
to pursue the technology. 1In this case, industry may perform the R&D or
not, Should industry perform the R&D, successive stages parallel those in
the first scenario. In fact, if it is assumed that NASA and private industry
are equally efficient in the performance of R&D, and that each scenario
is chronologically identical to the other, then the parts of each scenario
contained within the dashed borders of Figure 3.1 are, in terms of resource
inputs and outputs, identical. This observation serves as the basis for
determining and evaluating the differences between the scenarios.

Some points should be made about the nature of the diagram of Figure 3.L.
First, note in the figure the existence of an asymmetry between the scenariocs.
The lower scenario contains an end point "NO INDUSTRY R&D" which has ne
parallel in the upper scenario. Also, although the decision for MASA to
pursue the R&D can be taken as a more or less immediate start-up of the
work, the industry decision to perform the R&D after NASA's refusal to do
g0 can come several months or many years after NASA's decision not to under-
take the development of that technology., In terms of the figure, although
the length of time between the nodes "DECISION POINT" and "INDUSTRY R&D"
is tempeorarily elastic, the possibility of "NO INDUSTRY R&D" is effectively
accounted for by the (present value~wise) equivalent statement that the
industry R&D occurs in the very distant future., This approach exploits
the idea of the line elasticity mentioned above. Figure 3.. illustrates
the new symmetry.

Let us temporarily continue with the assumption that real resource
inputs and ocutputs are unaffected by the year in which the R&D project is
begun. That is, the flow of annual costs and benefits is independent of
the start-up time. As we shall see, this assumption leads to a particularly
simple and intuitively appealing form for analyzing differences in scenarios,
that is, differences resultin~ from NASA decisioms to pursue a technology
or leave it to industry,

In order to develop this approach, let x; represent the net benefits
accruing to society due to the project in the ith year after initiation.
Ordinarily, xj is negative in the initial years and positive thereafter.
Thus, for a project that has effects for 25 years beginning, say, in 1977,

the scenario corresponding to NASA's initiation of the R&D in 1977 can be
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represented as follows:

Calendar Year 1977 1978 1979 . . . 2001
Index For Years 0 1 2 24
Net Benefits xo xl X, x24

The alternative decision, NASA refusal to pursue the R&D project and industry
adoption of the project T (tau) years after what would have been the NASA

start date, can be represented as

Calendar Year 1977 19774 T  1977+T+1 , 2001+t
Index for Years 0 T 1 T+24
Net Benefits X Xy +24

The value of NASA's performance of the R&D is the present value* of the
difference between the first and second decision paths, or scenarios, and can

be wyritten as

e e e T T
+1 T
1+ a° 1+ af (1+a" a+ay- T2

where d is the discount rate and 1T is as stated above.

In a perhaps more straight forward form,

NPV =|:Xo I T o }_ [Ko + X s+t
4

A+a° Q+dt @+ a? A+’ @+t oasatH
Denoting the first term on the right hand side im the above equationm as Y
and the second as Z, note that

7 = Y
(1+d)
and since
NPV =Y - Z
then
NPV = ¥ - Y
(1+d) °
or
NPV = (1 - 1 ) Y (3.1)
(1+d)

#Throughout, we use the term net present value, NFV, to denote the present
value of net benefits.
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Therefore, when the sequence of costs and benefits is independent of the

start-up time, the value of NASA Pursuing the R&D depends on two factors:

Y, the net present value of the R&D project itsclf, and

1- 1 , henceforth referred to as the delay factor, since it accounts
Q4d) *

for how much delay (T years) would occur if NASA did not perform the R&D itself.

Some additional obsexrvations on the delay factor are in order. First, note
that the delay factor always assumes a value <1 and > 0. This is the range
of values because the question being addressed is "Should NASA perform the R&D?"
or, more analytically, "What is the value (to society) of NASA's performing the R&D?"
The question here is not "Should the R&D be dome (by any element of society)?"
nor '"What is the value of the R&D?" Indeed, affirmative (or positive) answers
mist be given to the latter duo of questions as a necessary condition for af-
firmative (or positive) answers to be proffered to the former. In the simple
example above, Y denotes the NPV of (anyone) doing the R&D starting now (1977).
Clearly NVP > Q0 if and only if ¥ > 0, and a project will not be undertaken if
NPV < 0. The fact that NPV <Y reflects the fact that, in a sense, precedence
is being accorded private industry. NASA's performance of the R&D derives
value only in the absence (or delay) of private R&D.

Second, but related to the first point, is the limit behavior of the

delay factor:

LIM i 1
1 - —=f=0
) (l+d)T]
L 1-—~————1T =1
| (+)

If Tis close to 0, implying industry would soon do the R&D in the absence of
NASA's work, the value of NASA's doing the R&D is very low. Likewise, for high
T, indicating a long delay before the R&D would be undertaken, the value of
NASA's undertaking the project approaches Y.

Another important aspect of this model is that, as long as ¥ > 0 (that is,
as long as the project is worth doing), soclety always at least breaks even
(NPV > O) when NASA does the R&D. This aspect reflects the assumption that the

R&D is never duplicated--if NASA does it, industry does not need to. It also
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reflects the assumption that the resources industry would have devoted to that
R&D project if NASA had not pursued the project, but which are now "freed",
have a marginally profitable (at the discount rate used in the NPV calculations)
use, Thus, NASA's undertaking of the R&D work causes neither unemployment

of resources in private industry, nor extra profits because a more profitable
R&D project replaces the subject project. It is assumed that if industry

does not do the subject project, it is replaced with an equally attractive

one.,

3.+3 The Basic Screening Equation

In the two proceeding subsections, the purpose uof screening and the ap-
proach to the problem were discussed; in this subsection, the basic screening
equation is constructed., However, to do so requires one more simplifying
device. The general NPV formulation assumes a knowledge of annual costs and
benefits. 1In the context of R&D project selections, this knowledge iz very
specific information. So specific, in fact, that it can easily lead to in-
tractability. Less refined data inputs are needed. We take our lead, in this

regard, from Figures 2.l and 3.2, which reprecent our scemnarios in four stages:

-NASA R&D Time

~Industry R&D Time

~Industyy Construction Time

~The Implementation Period

During the first three stages, ounly costs are incurred; during the final
stage, both costs and benefits are experienced, Since each of the first three
periods are relatively short (three years might be a typical maximum length
of any period), the distribution of the total costs of a period over the years
in that period is not a crucial consideration. Thus, the approach is to attempt
to estimate the total costs of an entire phase, and assume that the costs are
evenly distributed over the years in that phase. The NPV equation is easily
modified to handle this wrinkle. The only restriction is the equation treat the

stage lengths as variables, since the length of the various stages will differ

project to project. To see how this is done, consider a simple example of two stage

whose lengths are T, and T2, respectively. Costs are X and Y respectively for

1
each stage.
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X/T X/T /T /T ¥/T Y/T
Ty 1 1 2 2 2
NPV = + T + + ot
- FT,-1
a+)® )t a1t T (™R (1+a) Tt Ty
Tzl-l . Tzz—l .
NPV = X/T, & — % 4y S —L_
1 t=0 (l+d) 2 t=0 (l+d)Tl+t
T,-1 t T,-1 t
2 (1+d) 2 (1+d)
_ t=0 t=0 1.2
NPV = x/T1 — ¥ Y/T, T (3.2)
(1+d) 1 (L+d) "1 "2

Thus, NPV can be quic

kly calculated for any given X, Y, Tl’ Tz. Note

that the final equation can be thought of as a variable weight scoring model.

Contrarxy to the arbitrariness of the usual scoring models, however, this

model has both form and weights (the coefficients of X and Y

a standard economic model)

arising from

Ty Iy

. For the scenarios depicted in Figures 3.1 and 3,2

the NPV screening equation contains eleven variables and one parameter, the

discount rate:

PA = probability of private industry adoption of the new technology,
given the MASA R&D effort,

T = npumber of years which would elapse before industry would undertake the
primary R&D effort, if NASA did not,

Tl = number of years the NASA R&D effort would take,

T2 = number of years supplemental industry R&D would take,

T3 = number of years industry "construction' or "tooling-up'" would take,

T4 = number of yerrs the technology would remain operation, i.e., the
number of years over which the benefits or costs of the technology
developed by the NASA R&D effort would be experienced,

¥ = total NASA R&D costs (during Tl),

= total industry supplemental R&D costs (during T2),
Z = total industry construction costs (during T3),
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discount rate,
current present value of the benefits of the technology at the

1l

beginning of stage &,

D e e T T S
1l

.. C = current present value of the costs of the technoloyy at the beginning
;- of stage 4.
;

1, Some explanation is in order concerning the last two variables B and C.

Each technology resulting fron an R&D project will have a time stream of

benefits and costs in stage four - the implementation stage. Since the entire

RO

oA
‘ model is based on the present value approach, an equivalent treatment of the

stream of benefits and costs is the present value of that stream at the be-

ginning of the stream. Analytically,

N M —M-
NPV = % X _ X o1 N1 R ee
E0 hayE ET0 (ayE ey Y €

vwhere Xt is net benefit in year t. The factor in the last term on the
right hand side is {he current (for year Mil) present value of the stream
of net benefits from M+l to N. By applying a discount facto? of 1

(1+a)yt
to that term, the overall present valuc is determined.

Thus, the overall present value of the benefit is

B B B B

- +

5 = T1+T2+T3+l . T1+T2+T3+2 . . T]_+T2+T3+Tl, ) Té 1 T1+T2+T3+l t
(1+a)° (1+d) (1) T4t S0 (1+d)"

The eost, €, is defined analogously.

The basic screening equation is:

%“ Tl—l Tz—l
1 S (1)t S ()" \
_ t=0 £=0
E(NPV) = ol B LN R YA TY B el Bl T4 PY B s (3
(1+d) (1+d) 1 T\ (1+d) 1 2/
T,-1 T, ~1 T,~1
3 {. t L
t§0 (1+a) t:i:o () tgo (1+a)
+ -2/T_{ — - + (B-C) = +(1-P,) | -x/T.| ———
(l-H:l)Tl h T2+T3 (l+d)T1+T2+T3+l A 1 (1+d)Tl
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The equation, upor inspection, should appear straightforward, The delay
factor, discussed above, scales the NPV of the R&D project itself, which is
the rest of the right hand side. (Recall Equation 3.1. PA accounts for the
branch in Figures 3.1 and 3.2 showing the possibility the R&D effort could go
for nought, i.e., the resources could be used but no benefits are ever de-
rived. The complicated expressions involwving d are gimple extensions of 3.2.
The expectations operator on the IHS simply reflects the presence of P, in

A
the RHS.

3.4 An Extension of the Basic Model

The development thus far is based on the assumption that the benefits
and costs are independent of calendar time--that they depend only on years
elapsed after project initiation. For the R&D projects being investigated,
this is not a satisfying assumption. For the magnitude of most of the anti-
cipated benefits stemming from space communication technology R&D depend
crucially on the number of satellites into which the new technology is fitted,
and the number of available satellites depends more on c¢elendar time than
on NASA R&D. It may be reasonably assumed that communication satellites will
be used in the future to supply needed communication channels, and the satel-
lites will employ whatever state-of-the-art technology is available. It
should be expected, then, that the benefits accruing in the first year of
stage four will be greater if the corresponding calendar year is 1990 rather
than 1982,

Table 3,1is useful for developing the modification of the screening equa-
tion. Let t index the years in stage four, the implementatiou phase in the
life-cycle of the technology. Assume that if NASA pursues the R&D project,
stage four will begin in 1982. The benefits stream, then, begins in 1982.
Note that NASA undertaking of the R&D corresponds to a delay of zero year.

If NASA opts not to undertake the project, and industry delays one year before

beginning the R&D cyecle, the columns headed tT becomes relevant and the

first year of stage four has benefits of 141 raiher than 100. Likewise,
when 1=2, the benefit stream begins with a value of 173,
To highlight the difference that this approach makes, consider a
stream of net benefits which might arise if a project were undertaken
immediately. The stream is shown in the row of Table 3.2 iabeled Scenaric A.

Now suppose that if NASA decides to forego the project, a delay of two years
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TABLE 3.1
EXAMPLS ILLUSTRATION OF TYPE I BENEFITS

INDEX OF YEARS Q 1 2 3 4 3 6
NET BENEFITS
SCENARIO A ~100  -50 ~20 10 20 30 40..
SCENARIO B -100 ~50 =20 10 20. ..
SCENARIO C ~100 -50  -20 30 40. ..
TABLE 3.2

EXAMPLE ILLUSTRATION OF TYPE II BENEFITS

CALENDAR
YEAR INDEX _ ‘t=0 By ooy B, o B
1982 1 1 100

1983 2 2 141 1 141

1984 3 3 173 2 173 1 173
1985 4 4 200 3 200 2 200
1986 5 5 224 4 224 3 224
1987 6 6 245 5 245 4 245
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will occur before industry decides to forge ahead with that R&D. If benefits
are independent of calendar time, Scenario B properly describes the sequence
of events. Scenario B is simply A slipped by 2 years. This was the premise

on which the delay factor was derived. However, if the benefit stream de~

pends on calendar time, Scenario C is a proper description, Once the first
three years of costs are incurred, the benefits flow as though there were no
delay. This situation might occur when the technology developed by the R&D
permits the same channel capacity to be launched into orbit on fewer boosters.
Therefore, the benefits are savings in launch costs. If the technology
becomes available in a year when two launches were originally scheduled, and
assuming the technology allows launches to be cut by 50%, the benefits in

the first year of implementation (the first year of stage 4) amount to the
dollar value of one launch. On the other hand, if the technology becomes

available in a later year in which eight launches would have been scheduled,
then the first year of stage 4 has benefits amounting to the value of four
launches.

The screening Equation (3.3) must provide a proper evaluation of type
C scenarios when they arise. That is, it must enable comparisons of A and
C scenarios. Equation 3.3, as it stands only compares A types with B types.
Fortunately, as a glance at Table 3.2 suggests, a modification of 3.3 is
easily made. Since the benefits in A and C are identical after some initial
period, that later period may be ignored in the decision process. For it
is the difference in the scenarios which matters, and there are differences
only in the initial years. In Table 3.2 for example, Scenarios A and C differ
in years 0 through 4 and are identical thereafter. Thus, the decision must
be based on years 0-4 exclusively.

This discussion may now be generalized. Recall that stages 1, 2, 3
incur only costs. Denote the present value* of those costs by PV (5123).
Beginning in stage 4, benefits are incurred (although, since costs are also
incurred, net benefits are not necessarily positive). From Table 3.2 it's
clear that the number of benefit years of interest equals the number years
of delay. These ara the "extra" years of benefits received through early

start—-up of the R&D project. In the case of the example, these "extra"
%35 they would be calculated in Scenario A, i.e., assuming immediate start-up.
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: years were indexed 3 and 4 in which benefits of 10 and 20 were received.
Denote the present value of those "extra" net benefits as PV(XB). Scenario
?U types A and C may now be easily compared.

: Scenario A is preferable to Scenario C if

‘ 1
E PV(5s ) - - —— + PV(XB) > O (3.4)
ia 123 [ (l+d}T
Stated in another way, the NPV of A (in comparison with C)
° is \
NV = PV(S,,4) - |1 - ——l——; + PV(XB) (3.3)
(l+d)_

Note that the above equation includes the delay factor. In the following

example, the hypothetical data of Table 3.2 were used with the discount rate

equal = 10%. Substituting this data into Equation 3.4 gives for the factors,

PV(S ) = '1000 4 —=20 -+ =20 > = ~161.98
(1+.1) {1+.1) {(1+.1)
1 --——1;—§-= 0.17
(1+.1)
PY(XB) = — =2 5+ 20 ;= 21,17
(1+.1) (1+.1)
and the value of the LUS of 3.4 is (~161.98) x (0.17) +21.17 = -6.37.

Therefore, given the choice between starting the project immediately (scenario
A) or delaying the start by 2 years (scenario C), the better choice is to
delay. The value of delaying the costs by two years outweighs the extra

bepefit which are foregone.

3.5 Sensitivity Analysis Procedure

The sensitivity analysis is carried out in a straightforward manner. A
variable is selected to which NPV is semsitive, i.e., on which NPV depends.
While all other variables are held at their baseline values, this variable is

alternately set at predetermined points over a selected range and NPV calculated

for each value. For convenience in computerizing the semsitivity analysis, the
P continuous form of the NPV equation as described in subsection 4.3 has been imple-

mented. A convenient representation of the analysis is effected by plotting NPV
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against the values of the chosen variable. In this study, the range chosen is
typically + 50%, and values chosen at 5% or 10% intervals for use in the NPV

calculations.

While the final decision by NASA to pursue a technology development program
must include consideration of the cost of applicable launches, these costs have
not been included in our analysis here as a matter of convenience. For it is
expected that a number of experiments would be placed im orbit by one launch
vehicle, so that the launch costs would be spread over a number of programs. A
launch, then, is best considered as a cost of a package of experiments, and
any attempt now to prorate costs on the basis of an unknown package would be
completely arbitrary. It is sufficient for NASA to determine whether the benefits

of the technologies in a package exceed their costs by at least the cost of the

necessary launch(es).

3.5 Sensitivity Analysis Procedure

The sensitivity analysis is carried out in a straight forward manner. A
variable is selected to which NPV is sensitive, i.e., on which NPV depends.
While all other wvariables are held at their baseline wvalues, this variable is
alternately set at predetermined points over a selected range and NFV calcula-
ted for each value. A convenient representation of the analysis is effected
by plottirg NPV against the values of the chosen variable, In this study, the
range chosen is typically 450%, and values chosen at 5% or 10% intervals for

use in the NPV calculations.
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SECTION 4

=
i
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DEVELOPMENT OF ASSESSMENT METHODOLOGY

4,1 General Concepts

Risk analysis performed under the rubric of assessment methoedology
is a natural extension of sensitivity analysis performed under the banner
3 of screening methodology. Sensitivity analysis indicates the range of
variation in NPV as a particular variable is varied but it does nmot allow
for
i 1) simultaneous variation in two or more input wvariables, and
2) the probability that variations of different magnitudes occur,

either on a variable by variable basis, or on a joint basis.

The differences between sensitivity analysis and risk analysis can

be illustrated with a general form of the NPV equation:

NPV = £(1, P,, d, X, Y,...)

A!

Sensitivity analysis chooses a particular variable, say X, and while holding

all other wvariables constant at v, P,, etc., finds the relation NPV =

A
g(XIT, PA,...) over some relevant range of X. Although this technique cer-

A1

tainly provides information about the behavior of WPV as any one variable is
varied, it does nmot fully explore the dependence of NPV on its arguments.

4 For example, even if a sensitivity analysis were performed on each variable,
little information would be provided on the movement of NPV as both X and

Y changed. As a very simple example, suppose

NPV = Zl - 22

and it is thought that the relevant ranges for the variables are

02z <10, 0<Z, <10

1 2
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A sensitivity analysis chooses a "best" value for each variable and varies
one variable while all others are held at these fixed wvalues. Suppose
these "best" values are

Zl = 5, 22 =5

Then the sensitivity analyses would involve investigations of the functions

NPV =2, + 2, =2, » 5, 0<2Z

1 2 1 < 10 and

1

N

*Z,=5+12

NPV = 2, * Zy 29

Z, < 10

o
[A

Plots of these relations exhibit all their relevant features. The

single equations show NPV ranging from 0 to 50. These graphs give no informa-
tion about NPV if neither Zl nor 22 equals 5 as is evident when a plot of

the complete relation NPV = Zl * Z., is considered. As can be seen in Figure

2

4, , the NPV in fact ranges between 0 and 100 and the sensitivity of NPV to
either of the variables increase with the value of the other variable.* It

is in this limited sense that a simple sensitivity analysis can be misleading.

It should be noted that elasticity caleculations based on relations

derived in a simple sensitivity analysis can also be misleading. This may

be counter-intuitive because elasticity, based on percentage variations, is
free of dependence on units of measurement.

For a relation
NPV = f(Zl, z Z |

27 7y

the elasticity of NPV with respect to Zi is denoted by

ENPV, Z,
i

and is defined as

o8

A NPV

A Z,
i

oQ

*1f Zl is varied by one unit, say 5 to 6, while A2 is held at 1, NPV goes from
5 to 6. However, if AZ were held at 10, NPV would move from 50 to 60.
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e 0

Net Present. Value

Tigure 4.1.

Example:

NPV = X.Y
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TFurther,

dNPV 7
% NPV _ WEV__ _ “i dNev
Z Z. dzZ. NPV  dZ,
i i i
Z.
1
Thus,
Z;  anev

“NPV, Z, NPV dZ.
L 1

For some very special cases, an elasticity value deriv. ’ from a

sensitivity analysis can be correct. For example, in the above example,

the relation

NPV = SZl

was derived from a sensitivity analysis with 22 set at 5. Using this formula

to compute elasticity, we have

A Lk
NPV 52

&
NPC,Z, 1

This result is interpreted to mean that a 1% increase in Zl causes a 1%

increase in NPV.

Now the true relation was specified as

Computing the elasticity based on the formula yields

z z
. e S |
NPV,Z, NPV T2 2y Z

Thus, it happened that the sensitivity analysis gave rise to the proper

elasticity value. It's easily seen, however, that this is not a general

resul t.
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from sensitivity énalysis on Zl is

Suppose NPV = Z and set Z2 = 5, Z. = 5. The relation derived

ki
WPV = 52, + 5

¢ from which it follows that

: I U
v NPV,Z,  5ZF5 57,5

However, the true elasticity is

<

NPY,Z, 22,42, 2 2Lt

In general (i.e., for values of 22 and Z3 not necessarily equal to 3),

5Z Z. 7
L ¢
B SZ].+5 Z

2

1
1%2%24

In addition to sensitivity analysis being potentially misleading in
¥ range estimates, plots, and elasticity calculations, a simple sensitivity
analysis does not yield any information about the likelihood of different
NPV values occuring. Since it is usually known which values of the input
variables are more likely (to be true) than other values, there is clearly
information being lost (or at least not being properly considered) in the
simple sensitivity process. As will be elaborated upon later, this informa-
; tion can be quite significant.
A sensitivity analysis which takes account of the probability distribu-

tions of the input parameters can be called a risk analysis model. Although

a risk analysis wmodel need not necessarily take account of the joint varia-
tion in variable values, the model employed in the assessment stage of the
analysis does take such joint variatiom into account.

In the next section a discussion will be given on some of the more

formal aspects of a multivariate risk analysis assessment model that is part

of the total methodology that has been developed.
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4,2 The Multivariate Risk Analysis Model

As was seen in the foregoing general discussion of multivariate r k 8 /
analysis, the approach generalizes and extends the ideas of sensitivity
analysis and syntheses in a single NPV probability function virtually all
the quantitative information relevant to the decision. ¢ :

The purpose in this sub-section is to set out the details of the

development and implementation of the multivariate risk analysis model as
it applied to assessing the costs and benefits of alternate space communica-
tion technologies.

The key to operationalizing this methodelogy is in identifying the sets
of independent wvariables which affect NPV and defining, in a meaningful way,
the probability distributions over those variables. Once this is accomplished,
the NPV's can be generated mechanically. With an approach incorporating
random sampling, population parameters can be inferred from sample statistices,
and the best estimate of the population distribution of NPV's constructed.
It is this NPV distribution, in demsity cumulative form, which is the
resulting decision-aid.

With regard to forming sets of independent variables, the procedure
adopted is to assume most variables are independert of each other. Thus,
the time delay variable, the discount rate, the cost in each stage, the vé
benefit in the fimal (operation stages), and the probability of proceeding
from one stage to the next were all assumed independently distributed. There
is concern, however, that the time length of each stage is not independent
of cost. Because of the nature of "crash" research programs, short stage-length
might result in high costs. To alleviate this dependence when it occurs, it
was decided to treat time as a constant in each stage. Such treatment is
reasonable since R&D programs usually are carefully scheduled to dovetail
with other programs. The management of such programs might be more inclined
to concentrate more or less resources on the program as needed to maintain
a schedule, rather than appreciably modify the schedule.

The number of variables which enter the assessment equation depends on
the number of stages needed to adequately represent the course of resource
inputs and outputs associated with any particular R&D effort. Two variables

enter the equation independently of the number of stages; these are the
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digscount rate and the time delay wariable, With each stage are associated

four variables:

the time duration of that stage,

the probability that that stage will be reached given the
prior stage is reached {i.e., 1 - the probability that the

project is terminated after the previous stage),

the annual dollar value of benefits during that stage, and

the annual dollar value of costs during that stage.

For a four stage process, the notential number of variables for which a
probability density function (PDF) must be specified is 2 + 4+4 - 1 = 17.
However, considerably fewer PDF's are needed. First, the discount rate

is not a stochastic variable. Second, of the N-1 probability variables,
typically only one or two will be treated as stochastic. Third, the benefit
value of all but the final stage(s) will be zero. Finally, to alleviate the
dependence problem mentioned above, the time variables usually will be
treated as constants. In practice, a four stage risk analysis may need
incorporate as few as seven stochastic variables.

In general, for N stages, the potential number of variables entering
the analysis in 2 + 4N-1: 2 is the number of stage-independent wvariables,
4N-1 is the number of stage related variables. One is subtracted from
4N since, as the premise of the analysis, the probability of the first stage
is defined as one.

Having discussed the formation of sets of independent variables, we

now turn to the problem of defining the probability distribution over the

possible outcomes. In the general discussion it was assumed, for expositional

gimplicity, that each variable could assume three possible values - higlh,
middle, or low — and probabilities (summing to unity) were assigned to those
three values. In the actual implementation, it is desirable to characterize
the distribution of each input variable by a continuous PDF, This treat-
ment allows for more flexibility in adapting the analytic representation to
the empirical evidence.

Each input variable can be characterized by three parameters:
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a most likely value {(denoted as M),
a minimum value (denoted as A), and
a maximum value (denoted as B).
in general, the most likely (modal) value is not symmetrically situated
with respect to the minimum and maximum values. That is, the distribution
is skewed. It happens that a Beta distribution provides a very convenient
and appropriate analytic form for characterizing the available three paraneter
input data. The Beta function is a four parameter distribution designated
as B(a, b, c, d). The parameters a and b translate the distribution along
the horizontal axis and c and d jointly determine the shape of the generally
skewed distribution. The parameters a and b are simply the minimum and
maximum of the distribution. A useful theorem for this development states
that if X is distributed B(a, b, ¢, 4}, and Z = X-a

b-a’
B{D, 1, ¢, d). The PDF for a 0-1 normalized Beta wvariable, Z, is

then Z is distributed

B(Z) = .2""1(1-z)d"1 . G(c,d)

where Glc,d) = “(e) - V(d)
V{c+d)
and 0<zZ<1

Values selected randomly from the appropriate Beta distribution can then
be used in generating the final NPV pDF, . Since most Beta random number
generators provide values in the 0-1 range, it is necessary to form a
correspondence between the Beta distribution representing the actual values
of the wvariable and a Beta distribution on the 0-1 interval. After a random
drawing is performed on the 0-1 Beta PDF, the selected value is transformed
back to its corresponding actual value for use in the NPV calculation. These
several transformations are best accomplished by first mapping M, A, and B

onto the 0-1 interval as




From the above theorem, where the symbol means "assigned to'' the
transformed variable has PDF B(0, 1, ¢, d) since the original varisblae
was constructed as B(A, B, ¢, d).

Clearly it is necessary to specify values for ¢ and d to define the
appropriate 0-1 Beta distribution. Since all three input data parameters M,
A, and B collapse tom on the 0-1 interval, two independent parameters, c
and d must be determined from one input parameter, m. Clearly, another input
parameter 1s needed,

This problem is resolved by resorting to a convenient hueristic.

Assume that the total dispersion in the Beta random variable is 60, as would
be very nearly true for a normally distributed variable since the Beta
variable ranges from O to 1/6. Now m and g are available for the calculation
of ¢ and d.

The following results are the basis for the calculationg of ¢ and d.

If X is distributed B(O, 1, c, d), them

Expected Value of ¥ = — & > (4.1)
c+d ‘
Yariance of X = ed . , and (4.2)

(c + d)2 (c+d+ 1)

These two relations alone are not sufficient to identify the two Beta
parameters ¢ and d from the input parameters m and ¢ since m is a modal value
and its relation to the expected value of X is still unspecified. The following
relation alleviates the problem [ 3]. ‘

Expected Value of X = 1/3 [2m + %] (4.3)
This is a useful hueristic relation between the mean and mode of X.

Equations 4.1 and 4.3 may be combined to express the relation between
¢, d, and the input value, m.

[o4 ,=2m+l/2
c+d 3

which may be rearranged in the form

m=2¢=-d
Lic + d)
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With m and 0 as known constants, equation 4.2 and 4.4 are sufficient to

determine ¢ and d. The solution is

2
= K™+ 34K3— 1 , and (4.5)
(1 +K
d = cK where {4.6)
. _ 3 = 4m
K= 1+ 4m (4.7)

Equation 4.3 is being treated as an exact relation. Tests which were made
as part of this development indicate this treatment introduces insignificant

error to resulting estimates of ¢ and d.

9.3 Illustrative Example

An example will illustrate the approach cutlined in the above develop-
ment. Suppose a cost—benefit analysis is to be performed of a new technology
for extracting oil from shale. Because most of the key variables jinfluencing
NPV exhibit a fair degree of uncertainty it is decided to present the results
of the CBA in the form of a multivariate risk analysis. This form of
analysis and presentation captures all the salient aspects of the problem
and provides the decision-maker with a powerful decision tool. One of the
variables of interest is the 'development" cost of the new technology -
the cost of bringing the technology from the laboratory stage to an opera-

tional mode. Suppose the estimates of this cost are

Most Likely Value: M = $15,000,000
Minimum Value: A = §12,000,000
Maximum Value: B = 325,000,000

It is assumed that this information can be adequately characterized by a Beta

B-A
PDF, B(A,B,C,D) where C and D reflect M and an assumed ¢ —¢

The objective is to transform this Beta PDF into a normalized Beta

PDF, B(0,1,c,d). Computerized random choices from this normalized PDF may be

drawn; an inverse transformation performed to scale the variables.




back up to their real value in the (A, B) interval; and these values then
combined with random drawings from distributions on the other key variables
to calculate a sample of NPV's.

For the above example,

o= $15,000,000 - $12,000,000 - .23
$25,000,000 - $12,000,000 ’
and, it is assumed
g = .17.

From equation 4.7,

5 = 4(.23) _ 4.08

K=T579¢23) "~ 1.99

= 2.13

and from equations 4.5 and 4.6,

2.48
5.28.

d

It

The normalized distributiom is B(0, 1, 2.48, 5.28). Random drawings
from this normalized Beta distribution are used to complete the cory.sponding

full scale values. The later figures are calculated by the inverse transforma-

tion
X=x(B - A) +A

where x is the normalized Beta variable and X is the corresponding full scale
value. TFigure 4.2 is a histogram depicting the frequency distribution of a
sample of size 100, and Figure 4.3 is a graph of the theoretical distribu-
tion of B(O, 1, 2.48, 5.28).

Once a set of values is generated for each stochastic variable influencing
NPV, the final NPV calculations can be made. Figure 4.4 is a frequency
distribution for the NPV of a project based on a 1000 point sample from the

distribution of each stochastic variable. Figure 4.5 is the corresponding
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cumulative density function. This is the display that we consider to be
most useful to decision-makers. For the example project, the probability
of a positive NPV is near unity, and the probability of a NPV in excess of
$1 million is about 10%. The mean NPV is about $600,000. The NPV is

between $400,000 and $800,000 with a probability of about 60%.

4.3 Linearized Multivariant Risk Analysis Model

Application of the multivariant risk analysis model described in sub-
section 4.2 requires the use of a Monte Carlo-type simulation which evaluates
the NPV equation repeatedly for many random samples of the input parameters.
An alternate approach which quickly provides an approximation to the NPV
probability distribution function is described in this sub-section.

Application of the screening sensitivity analysis led to the observa-
tion that the NPV equation is very nearly linear over the range of interest
in the input variables. This observation, together with the simple expression
for the PDF of a linear function of Gaussian random variables [ 4], led to
the development of a linearized model for the multivariant risk analysis.
When a random variable can be written as a linear function of the form

J
y = Cy + 2, Cilxs = My)
I J
j=1
with the input random variables normally distributed
Xj ~N(Mj;0'j2),

the resulting random variable will also be normally distributed with mean CO

and with variance given by the following:
J
2 = 2
o = C.o.)=.
y 2; ¢ J J)
The development of the linearized risk analysis model for communications

technology assessment requires two assumptions: linearity of the NPV equation
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in the region of interest and validity of approximating the distributions of
the input random variables as being Gaussian. The first assumption has been
validated by the sensitivity analyses performed during study. Arguments for
the validity of the Gaussian assumption on the input patrameters should be
based upon comparison of the approximate results with results from the full
Monte Carlo-type risk analysis simulation. Such comparisons conduected during
the course of the program support the argument for validity of the linearized
methodology.

Development of the linearized risk amalysis model requires linearization
of the NPV equation and formulation of the resulting variance or standard
deviation equation. For this analysis the continuous form of the NPV model is

used. For an N-stage process, the continuous form of the NPV equation is as

(6 R e LI0(S)- B (S

n= m=0

follows.

l—ETd}

NPV:{ d

The linearized form is developed from a truncated Taylor series as follows

-~ jaf l
V< Mo, o o oy +§: =i . — M, a
NP £f{M., 12, HJ) : l 3 j, (xJ PS) {

where NPV = f(xl, Xyy o 0 ey xJ).

The required partial derivatives of the NPV with respect te the random input

parameters are

JA(NPY) . f(WPV)-d |
3T T} et -1 g
aeeeyy  _ §1 - o) I ( n n-l . "
- ] _ . - _ 1 ~dT
T T l:mljl o] [Ba - Ca] [ 1 (¢ m) oo (¢ “‘)D}
for Py # O,

sNPY) LY 1-e-Td 3[1 J.[i"l (-dT )_ i (—d’rm H
3(B~CD | d 2 LT O L L S :

and
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The resultant linearized NPV expression is
N
_ 3 (NPV) 3 (NPV) , -
LNPY = {(NPV)O + (-c-ro)( o )o + g;l[(Pi - Py ) (a 5, )o TP - Ci

3 (NPV ' 3 (NPV
[B; - Ci]O) ' (a_%ﬁi_%*_%))o (T3 - To) ( 3 Ti))o] } :

A computer program, called QWKRISK, has been developed which accepts the
mean and standard deviation of the assumed Gaussian distribution for each of
the input parameters, and produces the standard deviation of the linearized
NPV expression. Comparison of the resultant standard deviation from QWKRISK
and from the full Monte Carlo simulations for each of the technologies treated
is presented in the applications sections of this report. In general, the
correspondence is quite good, and it is recommended that the linearized approach

be utilized in future studies to conserve computer time,




SECTION 5
THE RANKING METHODOLOGY

In an assessment (multivariate risk) analysis, each technology of
interest is characterized by a cumulative density function (CDF) over
the NPV of that NASA R&D project. In the absence of a scalar "figure of
merit" for each technology, ranking technologies from most promising to least
promising becomes a non-trivial task. The problem is reflected in the fact
that the assessment methodology described in Section 4 varies statistically
derived values to be compiled about each technology. Calculations can be

made to determine the following:

Minimum NPV

Maximum NPV

Mean NEV

Median NPV

Modal NPV

Probability (NPV > K), K = any dollar value
Standard Deviation of NPV

Range of NPV, i.e., MAX~MIN

Technologies may be ranked according to any of the above statistics.
However, each statistic produces a ranking which may be different from the
rankings produced by each other statistic. As an illustration, the thrse
hypothetical CDF's  of three different technologies shown in Figure 5.1
will be used in establishing rankings by the three ranking criteria: 1) greatest
minimum value, 2) greatest maximum value and 3) greatest mean value.

These three criteria result in the following rankings when applied to

the three technologies.

Criterion 1 Criterion 2 Criterion 3
A B B
B c A
C A c

0T b
~rpING PAGE BLANE KOT ¥

FREC
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The rankings show it is possible for a technology to be ranked first by one

o ® criterion, second by ancther, and last by still another. Indeed, each of
the three technologies in the example satisfy that description. A priori,

- there is no reason to prefer the ranking from one statistic over the ranking

from another, independent of the decision-maker's own criteria. That is,
the various statistics do not themselves answer the ranking question. Rather,

o the objectives of the decision-maker must somehow be accounted for. The

best statistic, then, is one which best reflects the decision-makexr's goals
and his willingness to trade-off among sub-goals. Let us approach the
v issue "parametrically" by considering different potential tasks a decislon-—
: maker would adapc. These different tasks can be viewed as different approaches
to risk., Indeed, g risk spectrum alorg which decision criteria (hence
underlying statistics) lie might be utilized. Such a spectrum is presented
in Figure 5.2.

Statistics may be associated with each point of the spectrum, and

criteria may be formed from these statistics as shown in Table 5.1.

TABLE 5.1
- APPROACHES TO RISK, CORRFSPONDING STATISTICS,
B . AND RANKING CRITERIA
Approach Statistic Criterion¥*
Uitra-Conservative Minimum NPV n] B “2 >
) MIN NPVl > MIN NPV2
Somewhat Conservative Prob(NPV > 0) nl B w,
Prob(NPV1 > Q) > Prob(NPV2 > 0)
Moderate u o~ka, k>0 11 B 12 <
» by T koy > up - ko
Somewhat Risky y T B T,
. R B
* ”wl B nz" means project 1 is better than project 2. "+ means if and
only if.
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TABLE 5.1 (continued)

Very Risky Maximum NPV ﬂl B ﬂz “—

MAX NPVl > MAX NPV2

There is no one "right" approach to be taken in ranking technologies.
Also, the alternate approaches are not necessarily mutually exclusive. It
way (indeed, it is likely to) be the case that different criteria yield the
self-same ranking. Additionally, the different criteria may be used
lexicographically, that is, the criteria are ranked in order of importance,
and technologies are rompared first on the basis of the most important
criteria. If a tie results, the second criterion is used, and so on. When
there is no tie, the ranking process stops. Yet ancther task is to use
certain criteria as constraints, e.g., that Prob(NPV > 0) must be at 75% or
that MIN NPV must exceed $1,000,000.

The foregoing discussion presumes that each technology is independent®
of each other technology. This is not always an appropriate assumption,
since many of the technologies under consideration involve components of
larger systems. The development of a technology is of little or no value if
it can be used only in conjunction with another techmology which is yet to
be developed. When such jointness oncurs, there is no meaningful way to
separate the value of the sum of the technologies into additive terms.
Fortunately, the very difficulty of the conceptual allocation problem
suggests the solution: there is no need to artifically assign values to
individual technologies in the case of jointness. Rather, the undertaking
of both (or "all" in the case of jointness among more than two technologies)
must be considered a single R&D project. With all jointness thus intervalized
in a single larger R&D project, by definition that larger project is
independent bf other projects. The larger project may now be ranked along

with the other (assumed) independent projects by the criteria and srivistics

& . . K
One technology is independent of another, if the CDF of the first Is
invariant with respect to whether or not the second is developed.
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suggested above.

Ranking of joint products can and should be undertaken, in seeming contrast
to the foregoing remarks. While it is true that ranking along the NPV dimension
is ruled out, ranking along other relevent dimensions it not. Specifically,
joint technologies should be ranked by "time to completion of R&D". Thus, if
two technologies are joint, and the first has an R&D time of one year and
the second an R&D time of 3 years, then the latter is ranked higher than

» the former. This gives priority to starting the R&D project with the

longer lead time, given the compeosite project has been adopted.

Overall then, technologies are ranked lexicographically: first along
an NPV dimension, and then, for joint technologies, along a time dimension.
The following example will clarify the ranking procedure. Suppose there
are ten technologies to be ranked. The technologies are labeled A, B, C,...,
J. Suppose B, C, and E form a joint group; and D and G also form a joint
group. Label the first group Sl and the second SZ’ so
Sl = B, C, E, and

S2 =D, G

Assume the NPV ranking statistic is simply the mean value of the technologies'

density functions, and assume the following means have heen calculated:

UA = 25 UI = =50
i hp = 150 My o= 250
iy = 0 HS = 210
1
U = 100
5y

For the jeint technologies, the following times-to-completion are estimated:

B 5 years D 2 years

C 1l year G 4 years
Y E

2 years




The 2-dimensional ranking is pictured in Figure 5.3. The horizontal axis has
first priority. It states J is better than Sl which is better than F, etc.
Once Sl is adopted, the vertical axis shows the priority ordering among the
components of Sl'

The ranking procedure followed above assumed no financial comstraints on
NASA. While this is somewhat unrealistic, it is instructive to determine the
union strained techmology ranking., This is a guide to long range budgeting
for NASA planmers. In the face of a financial constraint, a somewhat different
ranking procedure must be followed to insure optimal results. Rather than
ranking by NPV, the ranking should be done in accordance with the benefit /cost
ratio. Under a financial constraint, the benefit/cost ratio ranking maximizes
the NPV of the set of choseun projects. Paradoxically, ranking by the benefit/
cost ratio, not NPV, maximizes overall NPV in the presence of a finamcial
constraint. Thus, the relevant statistic is:

B _ Present Value of Benefits

C Present Value of Costs

and the ranking procedure is to rank and choose according to B/C until available

funds are expended.
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PART 11

SYNTAESIS OF CONCEPTUAL SYSTEMS



SECTION 6

ELEMENTARY COWCEPTS OF SPACE COMMUNICATION SYSTEMS

Commercial satellite communication systems in use today are in many
respects similar to terrestrial microwave links. A link in either system
consists of a transmitting station, a repeater station(s), and a receiving
statiomn, In the case of the satellite system the satellite is the
repeater. The ANIK and WESTAR satellites can each support a minimum of
12 communications links and the recently launched RCA satellite can support
a minimum of 24. These satellites can support exactly 12 and 24 links
respectively if single carrier per transponder access is used. A link using
this access technique begins at the user whose application, for example,
may be bulk data transmission. The data could be modulated at the user site
with a high speed modemand sent via terrestrial links to a satellite earth
station. The modulated data carrying signal could be used to FM modulate
an intermediate frequency (IF) signal. The IF signal would then be mixed
with a ﬁicrowave frequency signal (RF). The RF signal will be amplified
and filtered to occupy a 36 MHz wide band of the RF frequency spectrum
allocated for transmission to synchromous satellites. The RF signal will
be introduced into waveguide feeding a large (30 meter for Intelsat statioms)
parabolic reflector antenna. An antenna ou the satellite will gather and
focus the RF signal into the satellite waveguide system where a metwork
of filters will separate the allocated RF spectrum into the several 36 MHz
wide bands (12 for ANIK and WESTAR and 24 for the RCA satellite). Each 36
MHz band will be power amplified, &translated in frequency and introduced into
the waveguide equipment for transmission to Earth. The equipment in the
satellite which amplifies and translates one 36 MHz ﬁF band is known as a
transponder. The RF frequency is translated from a signal ne.r 6 GHz
transmitted from Earth to a signal near 4 GHz for transmission to Earth.
Translation is required to prevent receiver intef}erence caused by the
transmitted signals. A large Earth station antenna will then gather the
RF energy radiated by the satellite. Receiving equipment will then translate

the RF signal to IF, demodulate the IF, and send the resulting signal via
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terrestrial links to the receiving user where a high speed modem will demod-
ulate it reproducing the original data.

The quality of the satellite communication system depends upon the
quality of each of the several links which comprise it. The quality of
a link may be measured using several received signal standards all of which
are a concern to the system designer. Some of these standards are distortion
(phase, amplitude and frequency), depolarization, interference from other
links, antenna pointing errors and white thermal noise introduced at all
points in the system. All of these standards may be combined into a
single standard. This single standard used by most system designers is the
RF signal carrier power to receiver noise power ratio (C/N). Each component
in a link contributes to this ratio by supplying an increase (gain) to the
noise and carrier powers introduced into that component or by introducing
noise directly. A simplified but useful expression for C/N known as the

link equation is

C/N = P +G 4G N ¢ N Lg =L D -P 1-PP
where C/N = carrier to noise ratio

Pt = transmitter powetr

Gt = transmitting antenna gain

Gr = receiving antenna gain

Nr = receiver noise

Nt = transponder noise
LfS = free space loss plus atmospheric attenuation
Lr = loss due to rain

D = design margin
P1 = polarization loss
P

= positioning loss

The demodulation process from IF to baseband frequency is usually non-
linear; therefore, the C/N ratic is not directly proportional to the baseband
signal power to noise power ratio (5/N) which is the ultimate measure of

link quality as the baseband signal is the signal of interest to the user.
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If FM demodulation is used the following expression may be used to calculate
§/N [5]:

:gxéz
N 2mx

=z
o'l o

where (8/®)
C/n

signal-to-noise ratio after demodulation (baseband)

carrier-to-noise ratio at the receiver input

= yeceived carrier power before demodulation

= KTrBF = equivalent receiver noise power before demodulation
= receiver noise figure

1.38 x 10"23 watt-sec/°K = Boltzmamn's constant

= 290°K = room temperature

= receiver bandwidth before demodulation

= bandwidth at receiver output aft-r demodulation (baseband)

g8 ¢ & 32 "R = 2 0
]

= AF/b = modulation index or deviation ratio

>
(=
]

peak frequency deviation for peak modulation by the full
baseband signal

The system capacity of a communication link is defined as the maximum rate
of transmitting infeormation through that link. For a simple digital communication
gystem which transmits data as pulses with n recoganizable levels (amplitude, phase,
or frequency, etc.) with pulse~to-pulse interval T , the system capacity is
given by:

C = (l/T)logZ(n) bits/second.
The maximum rate of transfering information is seen to increase with system band-
width (allowing more frequent pulse transmission and smaller values of t1) and
with the number of recognizable levels of signal in the presence of noise. A more
general expression for communications system capacity in which the system band-
width and signal to noise ratio appear explicitely is given by:

C= (B)logz(l + §/M) bits/second.
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For a ..xed allowable bandwidth, as is often the case in space communi-
cations systems, specification of 2 required rate of information transfer (capacity)
estalished the required value of S/N. Application of the relationships between C/N
and S/N for the applicable modulation method then results in a specified minimum
allowable value for C/N for adequate link performance. Given the minimum C/N
and cost-performance characteristics of communication subsystems, the system de-
signer can examine the available engineering trade-offs to meet the required link
performance at the minimum cost.

The methodology and applications described im this report are intended as
aides to the decision maker in specifying space communication technologies which,
if developed, would allow provision of either increased communication capacity
(and therby services) or decreased cost of a specified capacity. The user-need
and technology state of the art surveys of Sections 7 and 8 provide the necsssary
data base for application of the technology evaluation methodology developed in

previous sections.
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SECTION 7
USER SURVEY

7.1 Nature
The purpose of the survey was to ascertain and defipe the needs, choices,
and preferences of the providers/users of space communications technology.
which would influence the rate of inmovation introduction into future satellite
communication systems. The survey sought to determine user acceptance of
(or resistance to) new concepts, and to measure demand for space communications.
The survey elements consisted of a list of user organizations to be
contacted and a set of questions to be asked of each user contacted.
The list of user organizations was structured to include providers of
satellite communication services (since providers of service are users of
the technology) and also users of satellite communication services. The
latter category included business, government, and social service agencies.
The questions to be asked in the course of the survey were designed
to elicit information deemed to be useful for the cost-benefit study.
The structure of the cost-benefit screening methodology itself depended
to some extent on the user survey information; while the informat.on required
depended on the demands of the cost-benefit methodology.
Users of presently active space communications facilities were unaware
.of the implications of the new technology. Many of those contacted were
immersed in problems common to any new, high technology enterprise during
1975--adequate financiug. They were preoccupied with converting existing
technology into productive enterprises.

7.2 Provider/User Survey

Contact was established with representative members of the satellite
communications industry, government agencies, and others who either provide
or use satellite communications techmology. The initial list assembled
for the survey was generated from news items and other references in techni-
cal and trade literature and included 60 organizations. Thirteen were
providers; 47 were users of satellite communication services. FProviders
were defined as those organizations which owned a working satellite, or

had active applications for licenses before FCC to own satellites. Users
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were defined as those organizations which neither owned nor intended to
launch satellites. The 47 users included 19 government and non-profit
public service organizations, and 28 profit-oriented organizations.

Qut of the initial list of providers and users of satellite communi-
cation technology, 42 were contacted. Eight were providers of satellite
communication service; 34 were users. Of the users, 17 were government/
public service agencies and 17 were private corporatioms. Table 7.1
lists the organizations contacted.

The following subsections list 5 providers, 11 government/public
service users, and 12 profit-oriented users of satellite communication
technology. These organizations responded to contacts and furmished
some of the desired information. The listing includes key letters that

define the type c¢f contact made. The key letters are:

Responded via telephone

Responded via questionnaire

o 3
|

I

Responded by sending literature

P

Responded through personal interview

7.2.1 Providers Responding

American Satellite Corporation (TL) - As of February 1975, the American
Satellite system consisted of 4 government traffic earth stations, 3 commer—
cial earth stations, and 6 additional proposed earth stations. American
Satellite Corporation provides private line voice, data, facsimile, and
wideband communication services over 3 transponders leased full-time on
WESTAR. They plan to launch a satellite in 1977.

AT&T/GTE/COMSAT General (L) - The joint endeaveor by AT&T, GTE
Satellite Corporation, and COMSAT General will launch 3 geosynchronous
satellites, each of which has a capacity of 24 one-way transponders
(1,200 voice circuits per transponder), 9 earth statioms (2 of which
are owned by other carriers) and terrestrial links from the earth stations
to facility junction offices. The FCC license stipulates that access
must be available to other users. o

RCA Clobal Communications (TQ) ~ The RCA SATCOM system will accomma-
date any combination of viﬁeo, switched or point-to-point voice, teleprinter,
data, facsimile, or other wideband transmission. During Phase I of the system, a

RCA first based 2 transponders full~time from TELFSAT on ANIK IT, and then
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TABLE 7.1

ORGANIZATIONS CONTACTED IN
SATELLITE COMMUNICATION USER SURVEY

Providers

Users

Government Related Agencies

Private Industry

Amercian Satellite Corporation
AT & T/GTE/COMSAT

INTELSAT

RCA Global Communications

CML  (IBM/COMSAT)

Western Union Telegraph Co.
National Satellite Service
(Hughes)

Western Tele-Communications,
in.c

Educational Television Center
Archdiocese of San Francisco
Corporation For Public Broadcasting
Educational Television Services
Georgia Department of Education
Bureau of Mass Communications
Wew York State Department of
Education

Appalachian Regional Commission
Department of Justic (LEAA)
Office of Telecommunications
Policy

Public Broadcasting Service
U.S. Postal Service

Federation of Rocky Mountain
States, Inc.

Southern Education Communications
Association

U.S. Geological Survey
Department of Transportation
Federal Aviation Administration
Maritime Administration of

Department of Commerce
Medical University of South
Carolina

American National Red Cross

American Broadcasting Co.
American Television and
Communications Corp.

Cox Cable Communications, Inc.
National Data Corporation
Teleprompter Corporation

United States Lines, Inc.
American Can Company

American Trucking Association
Home Box Office

Muzak Corporation

Prudential Grace Lines, Inc.
Canadian Broadcasting Corporatio:
American Petroleum Institute
Coca—Cola Company

Southern Pacific Communications
Telecable Corporation

ITT World Communications
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leased 5 transponders full-time from Western Union on WESTAR. Under Phase
IT, RCA will eventually have 17 earth stations operational on up to three,
24-transponder satellites. Launch of the first satellite was in December 1975.

Western Union Telegraph Co. (TP) - The system provides for private
voice channels, data at 9600 bits/sec., and black and white facsimile (on
a data basis) over 2 ANIK type, 12 transponder satellites. A total of 15
earth stations are currently funded with a projec*+2d need for 5 more; a
third satellite will be needed as a spare.

CML Satellite Corporation (T) - CML plans to pioneer 12-14 GHz commer-
cial satellites providing high-speed computer-to-computer service, with
sophisticated systems having high information capacity. Higher radiated
power and the higher frequencies (as compared to the 4-6 GHz satellites)
will permit the use of smaller earth station antennas, and the penetration
of downtown locations.

7.2.2 Users~—Government/Pubi fc Service

American National Red Cross {(T) - Communlcations were set up in a
disaster area, as experimental demonstration.

Educational Television Center Archdiocese of 8an Francisco (TQL) - 4
Live/interactive teleconferencing for teachers was set up in CTS experiments.

Corporation for Public Broadcasting (1) - Programming will be provided
to a nationwide network of educational television stations.

Educatrional Television Services, Georgia Department of Education (TIP) -
PBS programming will be received, taped, and rebroadcast.

Bureau of Mass Communications, New York State Department of Education
(TQ) - Bibliographic data exchange between libraries was planned, but aborted
for lack of funds.

Appalachian Regional Commission (T) - Service education program included
2-way interactive seminars.

Department of Justice (LEAA) (TIP) - Fingerprints and criminal justice
information transfer were proposed,

Public Broadcasting Service (T) - Programming service was provided to
PBS member stations.

U. 8. Postal Service (TL) - Electronic mail service is being examined.




Federation of Rocky Mountain States, Inc. (TL) - Social services made
available including educational, career, and community oriented programs.
U. 8. Geological Survey (TQ) - One-way high resolution video required.

7.2.3 Users—-Private Industry

American Broadcasting Co. (TQ) - Radio and television programming will
be distributed to nationwide network.

American Television and Communications Corporation (TQ)} - Will offer
independent programming over CATV as received from Home Box Office.

Cox Cable Communications, Inc. (TQ) - Will distribute programming
as received from Home Box Office to CATV networks.

National Data Corporation (TQ) - Leasing two-way data, and two-way
voice circuits.

Teleprompter Corporation (TQ) - Will distribute programming as
received from Home Box Qffice, to CATV systems.

United States Lines, Inc. (TQ) - Requires voice and data links to
ships (via maritime satellite).

American Can Comwpany (T) - Requires occasicnal facsimile and voice
links.

Home Box Office (T) ~ Independent programming will be provided to
CATV systems.

Muzak Corporation (T) - Industrial, business, and entertainment
background. Music will be provided direct to customers.

Prudential Grace Lines, Inc. (T) - Communications to ships (via
maritime satellite) will be required.

Canadian Broadcasting Corporation (QL) - Television programming
is provided to a nationwide network.

American Trucking Association (T) - May require communications and
dispatch network run similar to airlines.

7.3 Methodology

7.3.1 Telephone Survey

Four of the five providers and 22 of the 23 users who were contacted
were interviewed by telephone. The telephone interviews were structured
in the following manner: An introduction was given, stating name, organiza-

tion, and purpose of call indicating that a survey for NASA in regards to




recent and proposed usage of communication satellites. The intent of
the survey was to find out what NASA can contribute in research and
development to meet needs for new technology. Information was then
obtained from the various contacts. The initial question was whether
the contact considered his firm to be a "user" or a "supplier" of
comunication satellite services. Other questions included in the survey
are outlined below.

Users were asked to give their present usage in the categories:

1., voice

~ error rate requirement

i

1 or 2 way transmission

I

baud rate

would a delay be permissible?
3. video
~ color or black and white
- 1 or 2 way
— would a delay be permissible?
4, number and geographic distribution of earth stations.
Also they were asked to predict their future usage, if any, and to identify
high cost problem areas.
Suppliers were asked to give an estimate of present demands for service
from earth stations in terms of:
- equivalent voice channels
- video channels (co'or or black and white)
~ data networks (baud rates).
They were also asked to identify:
- high cost problem areas
- technology choices and preferences
- degree of demonstration required for the technology.
Satisfactory telephone interviews were completed with 26 of the 42
organizations that were contacted in the sense that each of the agencies
had personnel who were aware of the satellite communications technology
used by the organization. Reponses to the interviews that were completed

have been evaluated in Table 7.2 where poor, fair and good refers to

.




TABLE 7.2

EVALUATION OF RESPONSES TO
TELEPHONE INTERVIEWS

CATEGORY QUALITY OF RESPONSE
Poor Fair Good Total
(No.) (No.) (No.) (No.)
Providers 1 1 2 4
Government Related 1 2 7 10
Private Indus try 1 2 9 12
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the general relative quality and quantity of the information obtained.
7.3.2 Mail Survey

Questionnaires were mailed to the 42 potential contacts listed
in Table 7.1. The questionnaire without the cover letter that was mailed
to the 8 providers and 34 users of satellite communications is given in
Table 7.3.

Qut of 42 questionnaires mailed, 11 were roturned. Some companies
did not consider the questionnaire related to their needs, but sent litera-
ture about their satellite communication services insteéd of replying to
the questions. The better relative response to telephone gqueries as
compared to the mailings should be noted. Two recipients of the question-
naires telephoned their responses.

Table 7.4 is an assessment of the responses to the questionnaires.

7.3.3 Persomnal Interviews

Interviews were held with key personnel of the following organizations:
1. Western Union/WESTAR Sales, Atlanta, Georgia.
2. Educational Television Services, Georgia Department of Education,
Atlanta, Georgia.
3. U. 5. Department of Justice, LEAA, Washington, D.C,
7.3.3.1 Western Union/WESTAR

The information obtained from this organization included the
following:
1. investment costs—--5200,000 for each 2-way earth station,
$100,000 for receive only stations
2. tariffs--$500, 5700, and $1,000 per voice channel per month
over U.S. continental links graded as 0-1000 miles, 1000-1900
miles, and over 1900 miles
3. planned earth station complement--20 by September 1975.
4, Rates——up to 60% cheaper than terrestrial links.
Service offered, besides voice channel rental, includes full-time
leasing of transpeonders--5 to RCA GLOBCOM, 3 to American Satellite Corp.
Types of uses for the satellites include voice, data, facsimile (Xerox).

Initially, the demand for channels and transponders was slow, such that a




TABLE 7.3

USER NEEDS FOR SATELLITE COMMUNICATION

1. Does your organization now use or plan to use satellite communications?

No Yes {Present) Yes (Future)
2, If your answer was "yes', please indicate type and amount of usage.

Present Usage:

No. of equivalent voice circults used:

Terminals: Between® and

Between and

*For example, Between New York and Detroit.

No. of Transponders:
No. of earth stations; (Receive only)} (Two~way)

Future Usage:
No. of additional voice cirvuits planned for nex: five years _
Next ten years

New Terminals: Between and
Between and
No. of transpondetrs planned for future: Next {ive years
next ten years
No. of earth stations naeded In five years . In ten years __
3. Please rank order of importance {(No. 1 indicating highest importance} the
types of satellite communication service:

Two-way telephone:

Low-speed data: Two-way One-way
High-speed data: Two-way One-way
Facsimile: e
Video: Two-way One-way _

Black and White o Color
Other:

4. System characteristics you need:

Commercial telephone system links to earth stations are:
Preferable Usable Not usable

Satellite terminals {eliminating telephone 1links) at final user
input and/or output points can be justified only if each terminal
cost does not exceed: $100,000 $10,000 $1,000
$100 Other:

Special requirements. (Please rank order of importance, with No. 1
being most important):
Coded transmissions___
High quality audio
Verification of messape received
High resolution video

Error rates below luﬂﬁ__
5., Your needs, preferences, and choices among possibly feasible space communi-
cation technologies:

Megabit per second digital data, computer-to-compiiter transmission

Typewritten copy input, conversion to digital stream, transmission
through a satellite, and reconversion to printed copy hefore
delivery .

Worldwide televis.oun coverage relaved in real time

""Cloged-circuit" television, by roded transmission, between "Informa-

Center"” and a large number of terminals: (Onc-wavy)

Two-way
Other technology preferences: S ¥)

6. TFurther comments. (Use this section for any comments vou consider
applicable to satellite communication user needs but not listed above.)
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TABLE 7.4

EVALUATION OF RESPONSES TO
MAILED QUESTIONNAIRES

CATEGORY QUALITY OTF RESPONSE
Poor Fair Good Total
(¥o.) {{No.) (Nu.) (No.)
Providers 1 1
Government Related 2 1 3
Private Industry i 5 1 7
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| "retail" market had to be exploited. MAILGRAM is an example of such a
retail service. Transmission/receive time for a MATLGRAM may require
only 20 minutes--it is delivered with next outgoing mail at reception point.

7.3.3.2 Educational Television Services

! Two experiments are to be undertaken, one at 14 GHz and one at
Lo 4 GH:. The 14 GHz experiment is to employ one downlink at Atlanta and

g one uplink in North Carclina. The 4 GHz operation will employ twe down-

; links and one uplink in Atlanta.
b The main problem is the high cost of earth stations ($62,000).

; Satellites with high power (2,50W) could lower the cost of earth stations
i to about $10,000. Rooftop antennas for schools should be $500 to $1,000.
Cassette/mail distribution is currently being used at a rate of $17/cassette,
£ $1,500 for record/playback versus $900 for playback only.
7.3.3.3 LEAA

f
b The Law Enforcement Assistance Administration, U. S. Department
b

of Justice, funded studies that examined the question of LEAA use of satel-
lite communications facilities. Two reports on the subject were:

ko 1. "National Law Enforcement Telecommunications Network Analysis--
Final Report, Phase I1I," Norman B. Reilly, et al, JBL, for
LEAA, 20 February, 1975,

i 2. "NALECOM Satellite Usage Study," Rockwell Internatiomnal,
Collins Radio Group, for JPL, NAS 7-100, EP 37-2146,

12 February 1975.

R R R

; Reference 1 was an analysis of nine alternative approaches to

g o the NALECOM (National Law Enforcement Communications) network, with

j ranking. A satellite communications network was analyzed that comnsisted

$ of two regional terrestrial switchers, 14 eround stations, and one leased

i transponder which would support 28kbps, full duplex data, as well as video
transmission. Four non-satellite network options ranked higher than

% satellite communications by technical evaluation criteria and eight options
§ “ wera found to cost less than the satellite network,

Reference 2 analyzed the technical requirements of satellite

communications for law enforcement: (1)} coler TV with audio, (2) digital

transmission at T/1 (1.544 Mbps) data rates, and (3) digital transmission

at 50 Kbps.
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User requirements as seen by LEAA were reflected in the study's work state-
ment to answer the questions:

1. Can the ground stations be located within a city? (i.e., at a
criminal justice facility) or must they in most cases be located
outside city limits where security is a problem? What security
measures are available (and what are the costs) for protecting
or monitoring of remote stations?

2, What is the potential for unwanted monitoring of the uplink or
downlink transmissions by unwanted persons? What would be the
cost and complexity of clandestine monitoring equipment? How
can these efforts be circumvented, and at what cost and complexity?

3. 1Is there any potential for false message injection? If so, what
are the costs and complexity of hardware for providing false
messages? What techniques can be used to circumvent false
message injection and what are the costs and complexity?

4. What are costs and complexity of hardware to jam (disrupt)
communications and for hardware to circumvent potential jamming?

5. What redundancy in ground stations is necessary to provide
average availability of 0.99 video and 0.995 for digital data
transmission?

LEAA did not plan, as of September 1975, to use satellite communica-

tions for transmitting criminal justice information.

7.3.3.4 Broadcast and Fixed Satellite Services

The purpose of Working Group D, Evolution and Requirement Committee,
FCC Joint Industry/CGovernment/CCIR, is to determine the evolution of demand
and/or uses for the 11.7-12.2 GHz band for broadcast and fixed satellite
services. The working group ouﬁput will form part of the joint industry/
government committee report, which in turn will permit the FCC to prepare
the U. S. position for the 1977 World Administrative Radio Conference (WARC)
of the International Telecommunications Union (ITU). The 1977 WARC is to

make decisions about broadcast satellite service in the 11.7-12.2 GHz band.
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Working Group D was divided into three subgroups:

D-1 Review of Present Terrestrial Distribution Services for
Television Broadcasting and Terrestrial/Satellite Fixed
Services.

D-2 Potential Users, Time Schedule, Evolution of Services,
and Technology Needs.

D~3 Probable Developments for Social Services Applications
of Satellites in the 12 GHz band.

Potential uses of broadcast satellites were defined by the
working group and Table 7.5 lists these uses. Most of these uses are
being realized, such as CATV program distribution, and some are having a
significant economic impact. Others, such as electronic mail service and
electronic funds transfer, could have even more impact.

It might be mentioned that in the group discussiomns, it was pointed
out that direct-to~home broadcast/reception would severely damage local
broadcast companies, and would eliminate local event coverage.

7.3.4 Literature Survey

The literature that was surveyed included the following NASA
publications:
Television and Education: N75-16705

Economics of Maritime Satellite: WN75-13907
N75-14016

Health Care by Satellite: N75-15868

Satellites for Electronic Mail: N75-18464
N75-18465
N75-18466

Commercial Trends in Satellites: WN74-11700
Satellites for Mobile Communication and Surveillance: N74-12884

Satellite Requirements in the 1980's: N74-16888
N-74-14891

Europe's Next Generation of Satellites: N74-17682
N74-28675

Historical Survey of Communication Satellites: N74-27625
Satellite Trends: N74-31642

Television by Satellite: WN74-32599

Remote Telephone and TV via Satellite: N73-23109

Priority Basis Satellite Applications in U.S5.A.: N73-31784
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TABLE 7.5

POTENTIAL USES OF BROADCAST SATELLITES

Network Television Program Distribution
Network Radic Program Distribution

Closed Circuit Television Distribution

Closed Circuit Radio Distribution

Business Teleconferencing

Medical Teleconferencing

Community Reception of Educational Television
CATV Program Distribution

Subscription Broadcast Programming and Data Service
Electronic Mail Service

Biomedical Services

Leased Private Telephone Circuits

Leased Data Transmission Circuits

Leased Low-Speed Message Services

Wide-Band Commeon Carrier Facilities

High Density Data Services

Single Channel Per Carrier (SCPC)} Services
Weather Distribution Services

Individual Direct~to-Home TV Broadcast Reception
Safety/Navigational Services

Sp=cialized Services

Emergency Services

Interaction Services
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7.3.5 Analysis of Methods

The personal interview proved to be the most effective method of
obtaining information, but telephone interviews ranked a close second.
Mailed questionnaires were very ineffective. When cost is considered,
telephone interviews were the most cost effective, followed by personal
contact. The personal contacts were made only after telephone interviews
identified the contact as a useful source of information.

7.4 Survey Results

7.4.1' User Classifications

'~ The survey revealed activity or active interest in the use of satellite
communications in the following areas:
1. Educational television, natiomal program distribution
2, Cable television, national program distribution
3. Business transactions, point—-to-point telephone links for voice,
data, and facsimile
4., Radio and television, on—the-spot events
5. Common carrier, long haul service
6. Message service, mailgram and electronic mail
7. Social services, coverage of remote areas for medical service,
and emergency/disaster radio links
8. Transportation, wide area mobile radio and maritime service
9. Data service companies, computer networks
10. Government, electronic funds transfer and message service

7.4.2 Types of Service

The types of service in satellite communications system can be
classified as:
‘ 1. Telephone, two-way voice
2. Video, one-way, two-way single frame, television
3, Radio, one-way, two-way, fixed sites, mobile
4, Data, low-medium, or highspeeddata; teletype
5. Facsimile, black and white, color

7.4.3 Needs of Users

The present needs of users were found to include:

1. Smaller earth station antennas, costing under $7,000
2. Lower—cost earth stations, at less than $10,000

3. Rooftop receiving antennas, costing less than $1,000
4

. Broadcast TV, radio, and common carrier to remote areas
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5. Program distribution for reception and redistribution
6. Digital data redundancy to lower error rates
7. Television transmitter mobile vans
8. Improved reliability
The needs of future users, as deduced primarily from the literature survey,
will include the following:
1. Error rates approaching one part in lO12
2. Automatic exchange switching equipment in the satellites
3. Higher efficiency in the use of message space (time/bandwidth
occupancy
4, High resolution video, for both television and single frame
transmissions
5. Decrease in beamwidth (spatial specificity)
6. Increase in number of transponders in each satellite
7. Improved security of imnformation
8. Wide area, reliable mobile radio
9. DNatiounal personal paging alert system
10. Extended educational television broadcast/program distribution
1l1. MNavigational systems
12. Data rates approaching 60 Mbps
13. Digitized television broadcast to home receivers

7.4.4 Data Obtained

At the time of the users' survey in the first half of 1975, the
users’ demand forecast was determined to be as shown in Table 7.5,

The estimate of demand versus cost for receiving antennas is
shown in Figure 7.1.

The desire for improvements in space communications technology,
in order of the number of responses from users were:

1. High resolution video

2. High quality audio

3. Verification of message as recieved (error correction)

4. Coded transmissions

5. Mepgabit per second data transmission

6. Error rates below one part per million
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7. Typed copy in/typed copy out

8. Closed circuit television, from one transmitter to several
receiving points

9. Worldwide, real time television coverage

There were only three statements expressing needs for further

demonstration. These were:

1. Determine the requirements for CATV earth stations by comparing
the picture quality at users' sets in CATV with users' sets
when receiving broadcast TV. The CATV operators believe the
FCC requirements for 10 meter receiving antenna dishes to be
unrealistically stringent.

2. Demonstrate that transmissions of data have an acceptably low
error rate.

3. Establish a criterion for reliability of operations, based on
users' redquirements.

7.5 Projection of User Needs

The channel requirement‘forecasts for international, U.S. domestic,
and foreign domestic satellite communications which resulted from the
user survey are given in Section 10, "Baseline Scenarios." Forecast
quantitites of earth stations are given in Figure 7.2, and Table 7.6.

7.6 Concluding Observations

The users can be divided into three organizational categories: (1)
profit-oriented businesses, {2) government agencies, and (3) mon-profit,
public welfare agencies. They have little knowledge of the system require-
ments of satellite communications. The first category is preoccupied with
financing, with operating costs, and with system reliability. The second
category is preoccupied with costs and efficiency of throughput. The
third category is striving to make a case for government furding of high-
cost projects which will benefit those who are in some sense underprivileged.
The information that proved most usable came not from the primary users,
but from technical people who were aware of the goals and objectives of
the users.

If the U.S. shares orbital positions with Canada and South America,
there may be room for only about fifteen U.S. satellites at each operating

frequency. The coveted assignments at 2 to 6 GHz will be filled quickly.

86




o
P~
=}
@
S
c
=
-
)
.
o
0
2]
&}

10%4

10°-

10%- ®

10° -

10° 10 102 103 10% 10° 108 15%}

Number of Receiving Antennas

Figure 7.2. Estimated Demand/Cost for Receiving Antennas.




Number Data

Sources
Present 8
Future
5 Years 27
10 Years J4%

# Includes literature

TABLE 7.6

USERS' DEMAND ESTIMATE

Usage Clrcuilts

Voilce

24

281

346

Video

Transponders

42

116

169

i,
S

Earth
Stations

60

857

1561

-

Rooftop
Arnitennas

100,060



Users fall into a number of categories. The Federal Reserve Clearing
House, Social Security, Defense Department, Postal and Western Union
represent high-service, volume, digital data, two-way users. If the USPS
succeeds in its plans for electronic mail service its usage potentially
constitutes a volume of 80 wmillion pieces of mail per day. Western Union
currently transmits about one million mailgrams per week with perhaps 10%
by satellite. The USPS plans to build 125 two-way earth stations, Western
Union presently has 5 two-way earth stations and is planning 15 «dditional
stations within six months. Cost of two-way stations is about $200,000
each. Some customers of Western Union plan to use portable two-way terminals,
at a cost of $250,000 each, for television transmissions.

The Corporation for Public Broadecasting represents a second category
which uses satellies for (primarily) one-way video transmissions. PBS
will use 12-14 GHz transponders on board the Communications Technology
Satellite (CTS). Plans call for 160 receive-only earth stations with eight-
foot dishes to be built by rebroadcasters of PES programs at a cost of
about $7,000 each, TFour transponders in satellites would be leased for
PBS program transmissionms. The Educational Television Service of the
Georgia Department of Education is an example of a rebroadcaster.

Home Box Office is another example of a one-way video user. The
company has leased two 4-6 GHz transponders from RCA GLOBECOM for 70 hours
a week transmissions to CATV systems anywhere in the U.S. (Until GLOBECOM
is launched, RCA has leased five transponders on WESTAR to provide service
to its customers, such as Home Box Office.) Teleprompter Corporation,

Cox Cable Corporation, and American Television and Communication Corpora-
tion are examples of receive-only CATV customers of Home Box Office.

These three companies are building, or planning to build, thirty receive-
only earth stations with 10 meter diameter dishes, at costs of 80 to 100
thousand dollars each. The FCC is presently approving only the large dia-
meter antemnas for CATV reception and rebroadcast.

The reduction of costs for earth stations is a need expressed by
all users. Higher operating frequencies (such as the PBS transmissions)

permit the use of a smaller antenna, which is sized to produce a narrow




beam so as to reduce Interference from or to spatially adjacent satellites.
The half-power beamwidth requirement is about 0.5 degree, which is turn
specifies a dish diameter of about 100 wavelengths. Methods of reducing
sidelobes in the ragion of 2.5° to 5.5° off-axis would be desirable, if

it also permits a reduced cost for the antenna.

A third category of users of satellites is represented by Muzak
Corporation., This company participated in experiments through ANIK II,
and WESTAR (by lease with RCA). They plan to have 100,000 receive-only
earth stations, and would use one transponder (about 36 MHz) to transmit
ouly four music programs.

The frequency band 11.7-12.2 GHz has no satellite radiated flux
density limits, so the CTS satellite, which is experimental, and the
CML satellite, which will be commercial, may transmit downlink signals
at power levels which will permit the "rooftop' antenmas required by
such users as Muzak.

The higher frequency transmissions suffer increasingly from rain
attenuation. At 12 GHz, heavy rain attention is about ten times the
attenﬁation at 5 GHz; and at 22 GH-», it is about one thousand times
the 5 GHz attenuation. TFor equal signal levels at the earth, the
effective radiated power of satellites operating at 5, 12 and 22 GHz
would have to be in the ratio 25, 250, and 25,000 watts. To reduce
costs of earth station receivers, this ratio would have to be even

higher.
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SECTION 8
TECHNOLOGY SURVEY

8.1 Summary of Technolopgy State-of-the-Art Survey

The main objective of this study was to assess the potential benefits
of NASA space communications technology. As a part of that assessment, a
survey has been made of technology currently available for application,
technology in the development stage, and technology in the planning stage.
This survey of the state-of-the-art of space communications technology has
considered the total communication system, including directly associated
ground equipment as well as the space segment. Correlations have been
established between new technology items and the forecasted needs and applica-
tions for space COnmunicaténns. Table 8.0 gives an outline of this section.

8.1.1 Survey Methodology

A review of related technical reports and articles available in the
open literature was conducted by (1) reviewing literature already available
in the Engireering Experiment Station staff files, (2} using the technical
indices of the Georgia Tech Library, (3) reviewing pertinent literature
supplied by WASA/Lewis, (4) monitoring related periodicals, and (5) periodi-
cially reviewing the NASA/SCAN abstracts. The relevant articles were copied
and filed according to the technology classification structure described
below.

A literature review provides a broad basis of information on the
related technologies, but current state-of-the-art information is available
only through direct contact with those engineers in industries and government
agencies currently working with the fast-moving space communications
technology. Accordingly, telephone interviews and visits by Georgia Tech
persornel were conducted with several companies and apencies. Space
communication industry facilities visited during the technology survey
include Scientific-Atlanta, Inc., Westinghousc (Baltimore), General
Electric {Valley Forge, Penmsylvania), Watkins Johnzon (San Francisco},
Comsat Laboratories (Clarksburg, Maryland), Varian (San Francisco), Aerospace
Inc., TRW, Aeronutronic/Ford, Lockheed Missile and Space Division, AYDYN

Energy Systems, Hughes Space and Communication Group, and Hughes Electron




8.1

8.2

8.3

8.4

8.5

8.6

8.7

TABLE 8.0
TECHNOLOGY STATE-OF-THE-ART SURVEY

Summary of Technology State of the Art Survey

g.1.1

8.1.2

Survey Methodology

Literature Review
Personal Interviews
Techrology Classification Structure (TCS)

Resultant Technologies of Most Interest

Compilation of Technologies Encountered During the Survey

Ground
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5
8.3.6

Launch
8.4.1
8.4.2

Station Technologies

User Connection

Modulation and Multiple Access Techniques
fransmitter

Receiver

Antenna

Pfopagation

and Injection Technologies
Launch

Injection

Satellite Technologies

8.5.0
8.5.1
8.5.2
8.5.3
8.5.4
8.5.5
8.5.6

Structure
Station Keeping
Attitude Control
Electrical Power
Thermal Comtrol
Antenna

Transponder

Millimeter Communication System

Laser Communication System
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Dynamics Division. Government agencies visited included U, S. Air Force
SAMS0, NASA/Ames, and NASA/Goddard. In addition to the visits at these
facilities, later telephone conversations were held with these "experts"
to discuss specific technologies and to solicit opinions as to parameter
values for the cost-benefit analyses.

A technology classification structure (TCS) was developed for orderly
handling of technical literature and interview documents. The TCS is as
shown in Table 8.1, and serves as an outline for the major portion of
this gsection. Subsection 8.2 contains a detailed listing of many sub~tech-
nologies and devices classified according to the structure.

8.1.2 Resultant Technologies of Most Interest

A set of nine space communication technologies capable of meeting
anticipated requirements as determined by the user survey has been selected
for evaluation by the cost-benefit methodology developed in Part I:

Low Cost Earth Station Direct Demodulation Receiver
Ion Engines

R¥ Attitude Sensors

Advanced Solar Arrays

Adaptive Heat Pipes

Satellite Multibeam Antennas

Satellite S5o0lid State Power Amplifiers
Millimeter Communication Systems

Laser Communication Systems

¥ach of these technologies will be analyzed by the screening, assessing,
and ranking methodologies in Sections 1l through 14,

8.2 Compilation of Technologies Encountered During the Survey

Many technologies at the system, subsystem, and device levels were
researched to varying depths during the technology state-of-the-art survey.
Table 8.2 contains an itemization of many of these technologies, classified
according to the TCS. The following sections discuss in more detail most
of the more important technologies.

8.3 Ground Station Technologies

8.3.1 User Connection

The specific equipment and technology required for future development
for satellite communication ground stations will depend on the functions
that the users require of the systems. Specific user demands will also

impact the cverall design of the ground stations, including siting and




“TABLE 8,1
TECHNOLOGY GLASSIFICATION STRUCTURE (TC8)

I. Ground Station
A. User Connection = ' o ' T
B. Modulation Techniques
C. Receiver/Transmitter .
D. Antenna . N
E. Propagation Media
IT. Launch and Injection
A. Launch
B. Transfer Orbit _
C. Synchronous Orbit (Satellite'Locations)
III. Satellite
A. BStructure
1. Station Keeping
2. Attitude Control
B. Support
1. Electric Power
2. Thermal Control _ I
C. Commnication Equipment
1. Antenna

2. Transponder

+

94




TABLE 8,2
TECHNOLOGY ITEMLZATION

I. Ground Station
A. User Connection

1. Equipment
a. Baseband Multiplexer (multiple-access)
b. Concentrator Control
c. Switching Matrix
d. High Speed Modem
e. Cable TV Headend
f. Commercial Video Interface
g. Terrestrial Link (external)

2. Techniques
a. 8ingle Chanmel per Carrier/Single Customer per Transponder
b. Multiple Channel per Transponder/Multiple Customer per Transponder
(FDMA, TDMA)
¢. Digital TV (DITEC)
d. TV Rebroadcast
e. Summing and Distribution

B. Transmitter

1. Modulator

2. Local Oscillator (Baseband, IF, and RF)

3. Multiplier Chain (RF local oscillator)

&4, Tilters (IF Band-limiting, Sharp Cutoff)

5. Amplifiers (Feed-Forward, TWT, Klystron, Thermoelectrically cooled,
Buffer)

6. Multiplexer

7. Differential Encoder

8. Oscillator (Gunn, Gunn Effect Pump)

9, Mixer (Balanced, Schottkey Diode)

10. RF Isolator

11. RF Circulator

12, Diplexer i

C. Receiver ;

1. Demodulator 1

2. Upconverter (Ground Station Transponder) ;

3. Local Oscillator (Baseband, IF and RF)

4. Multiplier Chain (RF local oscillator)

5. Filters (Bandpass: tuned RF for demultiplexing, IF Band-Limiting)

6. Amplifiers [MIC Transistor Preamp, IF AGC, Parametric, Tunnel
Diode, GaAs Schottky Varactor (Paramp)]

7. Group Delay Equalizer

8. Demultiplexer

9. Oscillator (Gunn, Gunn Effect Pump)

10. Mixer (Balanced, Schottkey Diode)

11. TFhase Canceller - j

12. Diplexer :
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TABLE 8.2 (Continued)

D. Antenna

Parabolic Dish

Horn Antenna

Conical-Beam Antenna

Wideband Cross Polarization Feeds
Radome

Multibeam Antenna (Offset Feeds, Cassagrain Antenna, Parabolic Torus)
Cancellation Device

Parabolic Cylinder

Planar Array

10. Linear Array

11. Switched Beam Antenna

12, Electronically Steered Beam

13. Corrugated Feedhorn

1l4. Step-Track Antenna

s » a

OO O P N

i

Launch and Injection
A. Launch

1. Expendable Booster
2. Reusable Shuttle
3. Strap-On Motors (Delta 3914)

B. Transfer Orbit

1. Transfer Orbit Engine
a, Solar Electric
b. TLiquid Propellant b
2. Apogee-kick Motor
3. Omni Antenna
4, Attitude Conrol

Satellite
A. Structure

1. Vehicle

a, Equipment
(1) Spin Beaving {gas, hydraulic, magnetic)
(2) Nitrite-Acrylic Copolymer retainer material
(3) Frame (sheet metal core, homeycomb panels, aluminum,

magnesium, beryllium)

b. Techniques
(1) Spinning
(2) 3-D Stabilized

2, Station Keeping

a. Thrusters t
(1) Ion Engine (Cesium, Mercury)
(2) Hydrozine
(3) H,0

b. Senso%s2
(1) Ground Based
(2) Satellite 3Based
{3) Radar Measurement Between 2 Satellites
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TABLE 8.2 (Continued)

3. Attitude Control
Sensor

a.

b.

B. Support

(1)
(2)
(3)
(4)
(5)
(6)
€]
(8)

RF Interferometer

Stellar Tracking (Polaris)

IR Horizon Tracker (high frequency, static, scanning)
Radar Measurement Between Satellites

Solar

Beacon Tracker

Monopulse-Antenna Auto-Track

Rate Integrating Gyro

Actuators

(1)

(2)
(3)
(4)

Momentum/Reaction Wheel [Bearings (self lubricating--
polymide, graphite, molybdenumdisulfide/antimonytrioxide,
Teflon, Tungsten Sulfide, Barium Fluoride, Esters,
Fluoridated Synthetic Polyfluralaklether; Magnetic),
Double Gimbal Wheel]

Reaction Jets

Nutation Damper

On-Board Processor

1. FElectric Power

Generation (solar cells)

Storage (battery cells, battery recharging circuitry)
Distribution (voltage, frequency, regulation)

a.
b.
c.

2. Thermal Control

Heat Pipes (active, passive, variable conductance)
Pumps

Valves

Fluid Loops

Second Surface Mirrors

Phase Change Material

Passive Radiator

Heater

Louvers

a.
b.

C. Communications

1., Antenna

a.

Equipment

(1)
(2)
(3)
(4)
(5)
(6)
(7
(8)
(9
(10)

Arrays (slot, phased)

Parabolic Reflectors

Plano-convex Lens

Antenna Material (graphite, kevlar, epoxy)
Switchable Feeds

Wavegnide Lens

Polarization Correctors

Microstrip Antenna Element

Variable Converge Antemnna

Large Reflectors
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TABLE 8.2 (Continued)

b. Techniques
(1) Multiple Beam Isolatiom
{2) Mechanical Antenna Movement
(3) Sidelobe Suppression
(4) Polarization Isolation
(5) Multiple Reflectors
(6) Offset Feed
(7) Cancellation (polarization correction)
(8) Shaped Beam
(9) Multiple Shaped Beams
Transponder
a. RF Generation (thermioniec, solid state, hybrid)
b. Preamp (TDA, FET parametric amplification)
c. Mixer (Schottky barrier, image enhancement)
d. Local Oscillator (bulk-effect diodes, central synthesizer,
individual Xtal controlled source)
e. Post Amplifier (Transistor--FET, Bipolar, TDA)
f. Power TWT Amplifier
g. Isolators
h. Circulators (latching)
i. Filters (Chebyshev, composite, invar, Lita 03)
j. Multiplexer Filter Matrix
k. Switch Matrix (SSTDMA)
1. Butler Matrix
m. Frequency Down Converter
n. Switches (waveguide, coax)
o. On-Board Digital Processor (compression, coding, digital
demodulation)
p. Laser (waveguide, YAG:Nd, COz, integrated)
gq- High Speed Photo Detector
r. Laser Modulators
s. Auto Track (mod/combiner,lightweight receiver)
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architectural design, and will even determine the classes of communication
service offered. |

The initial emphasis in the development of satellite communications
has been on providing the same services as, and interface connections to,
terrestrial commuﬁications networks. The concept has basically been to
replace terrestrial networks for tyansmissions over long distances, trans-
mitting voice, data, teletype, and video signals as multiplexed channels

modulating a microwave carrier. Radio and television sigansl are received

by ground stations and delivered over local loops for rebroadcast by local

stations., There is an emerging demand, however, for both dedicated ground
stations and for satellite broadcast service.

A fast-growing usage of satellite communications which bypasses local
telephone loops and radio and television rebroadcast is exemplified by
the availability from Home Box Office Co., of centralized programming, which
is transmitted via satellite to dedicated ground statlons that feed the
received television signals into cable TV networks. Other potential
demands for transmicsions to dedicated ground stations include those
of educational television networks, electronic mail, electronic funds
transfer, national law enforcement, electronic publishing, movie distri-
bution, etc. Table 8.3 lists potential users of fixed, dedicated ground
stations [1]. _ )

Another class of potential users of dedicated ground stations include
mobile termina/fixed terminal systems, as summarized in Table 8.4 The
first entry-—emergency and disaster--potentially includes a nationwide
personal alert system. The last entry--state government--might only
apply to Alaska and other states where the environment precludes terres-—
trial telephone networks, or where satellite systems are less costly,

Table 8.3 groups services which interface with local loop telephone
networks, and which presently include baseband switching functions in
ground stations.

Tables 8.3, 8.4 and 8.5 suggest that ground stations can be classified
according to usage (dedicated or multiple access), service (fixed, broadcast,
or mobile), size, signal quality, and cost. The most intensive development

of ground station technology has centered on the large, <ostly, two-way,
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Service
Network

Elementary
school

Higher
education

Value
transfer

Securities and
commodities
exchange

Reservations
and Tickets
Electronic

mall

Movie
distribution

Electronic
publishing

RF environment
monitoring

National law
enforcement

High-speed
computer

TABLE 8.3

SATELLITE COMMUNICATION SYSTEM REQUIREMENTS AND TRENDS
HIGH MESSAGE VOLUME USERS ——— DEDICATED GROUND STATIONS

Network
Coverage

National
regional,state

National
regional

National

National

Naticnal

National

National

National

Global

State, national

National

YA PR - I L 1T GI s g K L MMy

Channels Requived For Total Coverage

Voice Ground Station
Slow~Speed No. Channels/ Requirement Service
Data Video Data Rate Trends Trends
2600 20 2600 Ropftop Antennas Broadecast
300 KBps on Indv. schools .Satellite
160 60 1500 Rooftop Antennas Broadcast
300 KBps on Indv. schools Satellite
30K - Uses grouped High Security -
50 KBps slow-gpeed coding, High Data
channels Rate
8 K ~ Uses grouped High Security for -
50 KBps. slow-speed Transactions
channels
15 K - lises grouped High Security, -
50 KBps slow-speed High Data Rates
channels
- - 20 High Security, -
4 MBps High Data Burst Rates
- - 20 Could Use Eleciionic -
4 MBps Mail Service
- - 1000 - -
2 KBps
- - 1 Very High Data
1 GBps Rates
1000 - 1000 High Security -
2 KBps 600 KBps
- - 5/1 GBps High Security -
100/100 MBps
i a
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TABLE 8.4

SATELLITE COMMUNICATION SYSTEMS REQUIREMENTS AND TRENDS

LOW MESSAGE VOLUME USERS —-- MOBILE AND DEDICATED TERMINALS/GROUND STATIONS

Service
Network

Emergency
and disaster

NASA space
operations

Earth and
ocean data
relay

Marine
communica-
tions

Alrcraft
communica~
tions

United
Nations

State
Government

Network
Coverage
National

Global

Global

Global

Global,
National

Global

State

Channels Required For Total Coverage

Voice Ground Station
Slow-speed No. Channels/ Requirement Service
Data Video Data Rate Trends Trends
100 - - Portable video Broadcast
200 Bps Satellite
100 20 & -
200 MBps
- - 15 High data volume
200 Bps
2000 4 - - -
2.4 Kips
1000 - ~- - -
2.4 ¥Bps
100 20 1 MBps High security
2000 200 3000 Except for Alaska, -
2 XBps 50 KBps need 15 question-

able




TABLE 8.5
SATELLITE COMMUNICATION SYSTEM REQUIREMENTS AND TRENDS

MULTIPLE ACCESS, SWITCHING GROUND STATION NETWORK/TELEPHONE UTILITY INTERFACING

Channels Required For Total Coverage
Volce Ground Scacion

Service Network Slow-speed Ho. Channels/ Requirement Service
Network Coverage Data Video Data Rate ' Trends Trends
Library National, 516 - 120 Rooftop, Antennas Vdideo
Regional 300 KBps on Individual
Libraries
Telecon~ National, - 260 - - -
farencing regional
Bilomedical National, 1500 325 - - -
reglonal 50 KBps
Commercial National - 60 - - Broadcast
broadcast Satellire
- Public National, 30 10 - ~ Broadcast
) broadcast regional Satellite
Telephone National 280 K 400 1000 Privacy Satellite borne
50 KBps 6 MBps baseband switch
Buainess Natienal 140 K 140 Uses wideo High security Sarellite borne
50 KBpa Ch/v20 MBps . baseband gwitch,
trunk lease
General National, 20 K - 130 High security Sateliite borne
computer international 50 KBps 10 MBps baseband switch,
trunk lease
General National 100 K 40 Uses groups of - -
services 50 KBps #low-speed ch
Ground vehicle Regional 300 K - - Trunk lease
cormmunications
Religious National - 20 - - Broadeast
pragramg Satellites
Home Regional - 20 - Lower cost CATU Broadcast
comnunications headend receivers  Satellites
Area support Regional 1a,000 1ap 10 Privacy Satellite borne
network 50 K 1 ¥Bps baseband switeh
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multiple-access fixed service stations, such as the RCA SATCOM installa-
tion [ 6] shown in Figure 8.1, which will serve the classes of users listed
in Table 8.5, interconnecting Alaskan users and furnishing long-distance
connections to the rest of the U, 8. and to Canada. The functions of
the user comnections and the subsystems shown in Figure 8.l include:
1. Space-division, local-loop, baseband switching
. Baseband channel multiplexing
. Channel concentration control

. High speed digital modulation/demodulation (MODEMS)

2
3
4
5. Video amplification/equalization
6. Community antenna television (CATV) headend signal conditioning
7. Telephone network signal conditioning
8. Area support network, thin-line service:
a. Television and radio reception and retransmission, and
b. Single carrier per channe]l FM telephone signal reception,
transmission and distributiom.
8.3.2 Modulation and Multiple Access Techniques
Where a satellite system comsists of many ground stations per satellite,
there is a potential for cost reduction in transferring some of the ground
station functions to the satellite. In the thin-route system shown in Figure
8.1, as it is being developed [7] for Alaska, a telephone call from one
bush community to another must pass twice through the satellite transponder.
The first pass would be from the caller to the switching terminal at Talkeetna,
where demand access equipment would direct the signal through am available
channel, back through the satellite to its destination. TDMA [8] or some
other multiple access design is being investigated, but it promises to be
costly to implement.
The inclusion of baseband switching capability in the satellite would
improve Alaskan thin-route service, perhaps at reduced overall system cost,
The dedicated ground stations of high-message-volume, fixed service
users as Listed in Table 8.3 will generally require less baseband switching
capability, fewer channels, and fewer interface connections than the type

of system exempliiied by Figure 8.1. The needs for high security of these
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users will however require that the integrity of uncoded messages be ipsured.
Encoding/decoding equipment for satellite communication ground stations, and
the design of secure facilities should only require adaptation of military
practice.

High speed modems are presently available, but some development of
advanced technology may be required to meet the needs of electron’c mail
transmission for very-high-speed hurst transmissions. Very-high-speed
modems and their associated buffer storage equipments would also serve the
potential needs for global weather prediction, environmental monitering, etc.

Two areas requiring research, development and demonstration of demand
are rooftop antennas and broadcast satellites. An ecomnomic justification
exists for developing rooftop antennas and satellite broadcast service
for educational television. The justificiation lies in savings
that would be realized by bypassing the present programming distribution
bottleneck--the one or two-per-state ground station/tape recording centers.
A low-cost (ca. $1000) rooftop antenna ground station at each school would
permit real time classroom display, and would permit recording fewer tapes
for program storage.

A broadcast satellite dedicated to educational television would also
enrich the choices of all viewers, if rooftop antennas for home reception
can be developed. A realistic target for an individual home antenna/down-
converter would be about $100.

The rooftop antenuna ground station, with rebroadcast on a clear VHF
channel, would also afford a possible approach to a nationwide, personal,
emergency alarm system.

Table 8.6 summarizes the potential demands in satellite communications
that would require research and development of advanced technology for
ground station components.

8.3.3 Transmitter

There are two basic types of transmitters which may be used in a
ground station: a single multicarrier wideband amplifier covering the
entire band of operation, or many smaller wideband tubes, each restricted

to the portion of the satellite band assigned teo the earth terminal, in




TABLE 8.6

REQUIREMENTS FOR ADVANCED TECHNOLOGY
GROUND STATION COMPONENTS

TECHNOLOGY
COMPONENT IMPROVEMENT AGENCY: (COST TARGET
Antenna Small Size Schools, $1,000
Homesz, $100
Business $1,000
Encoder/Decoder High Speed Government
Banks, Stock
Brokers, $100,000
Reservations,
Tickets
MODEM/Buffer Satellite Borne/ Postal Service $1,000,000/
High Speed, High Speed 5100,000
High Capacity, Computers
Low Error Rate
Satellite Borme Miniaturization, Message 510,000,000
Baseband Switching Remote Repair, Utility Companies
Matrix Long~Life
TV Receiver/ Dipgitized transmission Homes/telephone $100/
Telephone companies $1,000,000
= =2 R -2 ¢ o ¢




a single carrier mode. The practice of using one THT as the final amplifier
in a8 multicarrier FM system has resulted in z steady increase in the TWT
power requirement, which is currently at about the 12 KW level for commer-
cial communication satellite systems. Current research includes utilizing
low power (400-watt) TWT's multiplexed with filters to form the equivalent
of a single high powver amplifier. The discussion in this section is limited
to using single tubes, but for the sake of comparison, Table 8.7 shows

the advantages and disadvantages of the two types of transmitters operating
at 500 MHz with a 40 MHz bandwidth.

A large number of available tube types can furnish the expected power
levels required for earth stations. However, needs from the standpoint of
transmission preperties as well as power output limit the types to the travel-
ing wavetube or multiple cavity klystron. Of these two, the TWT appears
better suited because of its bandwidth and other transmission properties
as compared to the klystron.

Growth curves of power output and efficiency for a TWT are given in
Figures 8.2 and B.3. These curves show the growth trend for high powered
TWT's of the type being considered for contemporary earth station design.
Future increases in efficiency are expected through more widespread applica-
tion of the tapered Helix pitch and depressed collector operation concepts.

Characteristics of example tubes suitable for ground terminal applications
are shown in Table 8.8. Millimeter wave sources are treated in a separate
section and are not included therein. A commercial series of TWT high
power amplifiers (HPA's) covers power levels of 100 to 700 watts in the
5.925 to 6.425 GHz frequency band. These HPA's have been designed for
uplink service in satellite communications earth stations. Table 8.9
summarizes the general specifications for ground stations travelling

wavetube amplifiers.
Ground station tubes have been of the 4, 6 and 8 KW type and future

tubes have design goals of 50 KW power output. However, such high powers

may not be consistent with low intermodulation and high bandwidths.

Industry generally believes that amplifiers with higher power, greater efficiency,
increasgd instantaneous bandwidth, less signal distortion, reduced cooling
requirements, and longer operating life are needed to meet performance and

cost objectives of new ground systems.
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TABLE 8.7

COMPARISON OF SINGLE TUBE AND MODULAR TRANSMITTERS

Type of

Transmitter

Advantages

Disadvantages

Single-Tube

Transmitter

Modular Type

Transmitter

Simplicity due to single tube
Carrier frequency assignment
Flexibility

1~-for-1 spare

Lower power tube

Station size flexibility

No intermodulation or
crosstalk

Air coeling

Lower standby investment
High reliability due to low~
power air cooled tube and

low voltage power supplies

High power output per tube
Large high-voltage power
supplies

Water cooling
Intermodulation and cross-—
talk

Inefficiency for small
stations

Difficulties of remote

control

Restrictions on carrier
frequency assignment with
wideband transponders
Complex multiplexer and

switching circuitry

e i o e e g0
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TABLE 8.8

TYPLCAL, POWER-FREQUENCY~GAIN CHARACTERISTICS
OF GROUND STATION TUBES/TRANSMITTERS

POWER FREQUENCY l GAIN BANDWLDTH GROUP DELAY
WATTS GHZ ‘ dB MHz

650 6 75 500 . Ims/MHz
1200 14 37 85 .O4ms /MHz

650 6 40 ' 500 . 1lms/MHz

20 6 44 - -

5 8 40 - -
TABLE 8.9

CENERAL SPECIFICATIONS
FOR GROUND-STATION TWTA

Frequency: 5.925-6.425 GHz

Power output: 100 W, +49.3

{(dBm min at 400 W, +55.5

output flange) 600 W, #5725
700 W, +57.8

Bandwidth: 500 MH=z

P0 settability: Within + 0.2 dB

Gain at rated output: 75 dB min

Gain stability: +0.25 dB/24 hr

Gain variation: +1 dB max over
500Hz Band

Gain slope: . +0.04 dB/MHz
over any 36-MHz
Transponder
Band
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8.3.4 Receiver

The ground station receiver is one of the more eritical components
in the ground segment from a state-of-the-art point of view. It is the
receiver which must be sensitive to the relatively weak signal provided

by the antenna and amplify the signal with minimum noise introduction.

Paramps, GaAS FET's and image-enhanced mixers are suitable for the small

ground station receivers [9]. Cooled paramps are being used in many large
ground stations [10]. Table 8.10 is a list of the low noise receivers taken
from a Stanford [9] report updated with information from current literature [10].

Paramps are cooled thermoelectrically or cryogenically. The minimum
noise temperature obtainable with these methods is 35°K and 15°K respectively.
FET low mnoise receivers are used in many small earth stations operating
in the 4~6 GHz range and used for television reception or low capacity
voice. Image-enhanced mixers are under development [9] and should provide
performance similar to the GaAs FET receivers.

Microwave television receivers have been transformed from specialized
equipment to relatively common equipment for small ground terminals. Table
8.11 taken from the Stanford report 191 gives desirable video receilver
performance parameters. Direct demodulation techniques have been recently
introduced for use as video receivers. Hewlett—Packard and Hughes have

built direct demodulation video receivers. The Hughes version is an

advanced technique and illustrated in Figure 8.4 [10].

8.3.5 Earth Station Antenna

Antennas for microwave communications have been in use for many years.
Recently, high capacity satellite communications have been introduced
placing a new requirement on the microwave communications industry including
the ground station antenna manufacturers. The antenna industry has found
it necessary to produce a variety of products to meet the needs of various
USers.

Using communication techniques such as single chanmel per carrier
(SCPC) or broadcast satellites, the need for small earth terminals has
increased. A small remotely located terminal could provide several duplex
voice circuits and/or television reception for small communities assuming

a synchronous satellite(s) providing SCPC and/or broadcast services is
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Available Frequency
Range (GHz)

Available Noise
Temperature (°K)

Circuit Complexity

Prime Power
Required (watts)

Degradation of
Noise Temperature
at 50°C

2-14

190-50

Medium

50°K

TABLE 8.10

Important Technical Features of Low-Noise Receivers

0

112

2-36

15-175

High

50-250

5K

12

275-300

Low-Medium

25°K




TABLE 8.11

Video Receiver Performance Parameters

Number of Selectable Channels Any one of five, selectable over
the entire 500 MHz allocation

Channel Bandwidth 30 MHz

Intermediate Frequency 70 or 120 MHz

Input Power Range -70 dBm to -50 dBm (preamp assumed)

Dynamic Threshold Less than 11 dB

Peak-to-peak Video Signal 46 dB for 11 dB carrier-to-noise

to rms weighted noise ratio ratio, input, minimum

Signal-to-hum ratio 50 dB for péak—to-peak signal fo

rms noise and hum in a 1 kHz ‘ow-
pass baseband bandwidth

Differential Gain & Phase Less than 8% and 5 degrees, rf to

baseband, with emphasis
Video Frequency Response + 0.5 dB from 30 Hz to 4.2 MHz
Video Output Level 1 to 1.3 Voits peak-to-peak
Video De-Emphasis CCIR recommendation 405-1 for 525
line system .
Humber of Audio Channels 2 per video ‘
Audio signal-to~noise ratio 45 dB8 for 11 dB carrier-to-noise

ratio input, minimum

Audio Frequency Response 10 Hz to 10 kHz % 3 dB

Audio Output Level + 8 dBm + 2 dB into 600 © balanced
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properly positioned in longitude. Antennas from one meter to several
meters in diameter have been used for this purpose. For example, the ATS-6/
Rocky Mountain Experiment employed 150, 10-ft. diameter parabolic reflector
antennas to receive television programming at 2.34 GHz [10] Antennas as
small as 0.6 meter have been built. These small antennas present a beam-
width problem at microwave frequencies. Wide beamwidth antennas are

more likely to receive interfering signals from adjacent satellites.

Table 8.12 gives a list of small and medium earth station antennas which
have been built,

Medium=-sized earth station antennas have been manufactured for both
transmit/receive and receive only functions. These antennas have narrower
beamwidths but are subject to interference from adjacent satellites through
sidelobe reception. Methoeds of improving sidelobe performance include
removing obstructions from the aperture and using corrugated horns [11].

A prime-focus feed using no support structure to block the aperture has
been used in a 10-meter CATV receive-only antenna [10].

Large earth station antennas up to 30 meters in diameter are employed
in the Intelsar network, Medium and large antennas must have tracking
capabilities due to their narrow beamwidths. An alternative to tracking

by repositioning the dish iz to steer the beam with movable feed horns.

Movable feed horns are used in the parabolic torus antenna built by COMSAT [1l].

This antenna is fixed, and all beam relocation and tracking is accomplished
by mechanically moving the feed horms.

In addition to movable feed horns, another desirable feature of the
large earth station antenna is multiple switched heams which have two
advantages. The first allows the antemna to access more than one satellite
at a time which will be necessary in a highly flexible communications net-
work., The second advantage will be improved network reliability accomplished
by quickly switching beams from a satellite which is not totally operational

to one that is.

8.3.6 Propagation Media
Propagation media of concern in satellite communications consists
of the few hundred miles of Earth's atmosphere and the few thousand miles

of space between earth stations and the satellites in synchronous orbit.
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TABLE 8.12
EARTH STATION ANTENNAS

FREQUENCY GALN BEAMWIDTH
DIAMETER (GHz) (dB) (degrees) REMARKS
.6m 11.7-12.2 34.9 2,77
lm 11.7-12.2 39.6 1.6
l.6m 11.7-12.2 43.9 .96
10m 4 50.2 .56 CATV receiver
16 ft 12 52.5 CTS
16 ft 14 53.8 CTS
1-1.5m 6 emergency transmitter
4.5 m 3.7-4.2 43.7 TV receiver
10 ft horn 3.7-4.2 43.7 TV receiver
4 fr music program receiver
30 ft 2 offset cassegrainian feeds
32%55 ft torus 3.9 50 .53 3 movable feeds
32x55 ft torus 6.9 £4 .34 3 movable feeds
O m 4-5 Intelsat standard earth

station
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This media affects space communications in five ways:
(a) Free space loss ig simply loss due to the radiated beam divergence.
N Free space loss is characteristic of the media and cannot be overcome.
(b) Atmospheric attenuation is caused by energy absorption and scat-
tering by atmospheric moleculaes. Atmospheric attenuation is a function
- of frequency and in general is a greater problem at higher frequencies.
Certain atmospheric molecules (oxygen, for example) resonate at specific
frequencies. The radiant energy at the resonant frequency is converted
to kinetic energy of the mnlecules resulting in considerable absorptinn
for the specific frequencies.
s (¢) Rain attenuation is one of the major problems which occurs
During the heaviest periods of rain. Communication outage is practically
unavoidable. Most systems today are designed with a margin to allow for
rain attenuation, but the obtainable margins do not allow for service in
the worst conditions. Rain losses are generally localized and can be over-
come by use of space diversity or transmit power variation [12]. Space
diversity is implemented by providing two or more receivers separated by
several miles. The strongest signal from the several receivers is used
for communications purposes. Transmit power may be increased during periods
of high attenuation. For example, if site A is receiving via satellite from
g sites Band € and transmitting via satellite to site D, then during a period
of rain at site A, B and C will increase the power to signals whose destina-
tion is A and A will increase its transmit power for signals whosge destination
is D.
d (d) Noise power exists in the propagation media and is received by
the earth station. Noise degrédes the received 'signal and needs to be
reduced as much as possible. Thermal noise is power radiated by electrons

vibrating at random and is a function of temperature and bandwidth.

N = KBT

&

where N is the received noise power, K is Boltzmann's constant, B is the
receiver bandwidth, and T is the absolute temperature which thé antenna ''sees."”
Energy radiated from other communcation equipment may also be received as
noise and is the only controllable noise source in the media. Various FCC
regulations and international agreements are designed to regulate this

noise source.
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(e) Depolarization of signals is caused by phase and amplitude distor-
tion occurring in the atmosphere [12]. Equipment designed to receive polarized
signals is used in satellite systems to increase communication capacity
through frequency reuse. When the signal is partially depolarized two
things occur: (a) received signal power is reduced, and (b) noise is
increased in adjacent receivers which are designed to receive signals

with other polarizations.

8.4 Launch and Injection Technologies
8.4.1 Launch

Communications satellites launached in the past few years were placed

in orbit by Atlas or Delta vehicles, The sequence of events to put a
satellite into synchronous orbit using these twe vehicles is (a) place
the satellite into a low earth orbit inclined with respect to the equator,
(b) transfer the satellite from a low earth orbit to an elliptical erbit
with apogee near 36000 km, and (c) provide thrust at apogee of the transfer
orbit to circularize the orbit and bring the orbit plane to near 0° inclina-
tion with the equator [3]. The Atlas and Delta vehicles each have three
motorized stages. 0Mne stage is used for each of the three steps in the
above sequence. & successful mission requires successful operation of
all three stages. Each stage has a probability of failure and, therefore,
a probability of success. The product of each of the three success proba-
bilities gives the overall probability of mission success. Table 8.13
gives these probabilities based on data gathered between 1962 and 1970
[14].The Titan III-C is included in Table 8.13. It is not a staged
vehicle and could be used for direct injection inte synchronous orbit
with a higher reliability than a staged vehicle. The three vehicles in
Table 8.13 have been improved over the years. The payload capabilities
of the vehicles have increased at the rate of approximately 307 per year
[14]. These increases are shown in the plot of Figure 8.5.

8.4.2 Synchronous Orbit

Satellite spacing in synchoronous orbit is a major factor in deter-
mining the total capabilifies of satellite communications. As stated
in previous paragraphs, interfering signals may be received from satellites
adjacent to the satellite of interest through antenna sidelobe reception

or in the case of wide beamwidth antennas reception through the primary
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TABLE 8.13., RELIABILITIES OF VARIOUS LAUNCH VEHICLES - 1962 to 1970 [14)

LAUNCH VEHICLE FAMILIES FOR 1962-70

: FIRST SLAGE (s) SECOND

SEe
' ATLAS TITAN OVERALL -+
STAGE ATLAS ATLAS D F THOR IT = 111-8 TII-C E
n.a 1.0=% 0.89 1.0 - - 1.00% 0.93
Agena B G.82% 1.00 - 0.95 1.00% 0.89
Agena D .86 0.87 0.92 0.95 0.9J
Centaur 0.74 0.74
Able Star * 0.73=%
Delta 0.92 0.92
Allair * 0.83%
Burner II 0.00 1.00 J.91
First 7
Stage 0.82 , 0.90 1.00 0.90 0.92 0.94 0.23
Overall + ———— ———t S
0.84 0.91

#Not in use in 1969-70
+These overalls are the row or column sums and represent the combined upper/lower stage performance.
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half power beam and sidelobes. The same situation exists for satellites
receiving interfering signals from ground stations other than the one of
interest. Regulatory agencies have put sidelobe performance restrictions
on ground station antennas and are considering beamwidth restrictioms as
well. An analytic methodology has been developed by Reinhart[i5] for
determining otbit spacing requirements given satellite and earth station
configurations. The FCC has considered minimum orbit spacing of 3°-4°
for current satellite configurations [16].

The requirements for minimum orbit spacing will lead to competitiom
betwsen countries for orbit real estate. TFor example, the orbit arc allowing
access to Canada is part of the orbit arc which allows access to the conti-
nental U.S., Mexico or Central America {l3, toc name a few. For this
example Canada will be forced to enter into an agreement with these other
countries to minimize interference when the orbit arc becomes highly used
in the future.

8.5 Satellite Technologies

Technologies associated with the communication satellite have been
subdivided into six areas: station keeping, attitude control, electrical
power, thermal contrel, antenna, and transponder. Technologies under these
categories are discussed in this subsection. WMillimeter and laser communi-
cation technologies are discussed separately in Subsections 8.6 and 8.7,
respectively.

8.5.0 Spacecraft Structure

Satellite structure considerations are primarily spin versus non-spin

configurations and material selections., Until the launch of the RCA SATCOM
in late 1975, all commercial communication satellites were spinners. The

RCA satellite utilizes three-axis body stabilization. Primary features of

=3

e TR S e

spinning communication satellites include (1} simplified stabilization,

e

(2) a despun antenna farm, and (3) a cylindrical spinning body whose
surface is covered with solar cells, With the trend of increasing power
requirements and increasingly complex antenna systems, the spinning confi-
guration offers less advantage because only 30% of its solar cells are
effectively illuminated simultaneously and because the increasing mass of
the despun antenna package reduces the inherent stability of the gyro-

stat configuration. Also, difficulties encountered with the spin bearings
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which have resulted in fractional desree misalignment of the antenna
system tend to increase with increasing satellite size. Three-axis body
stabilized satellites offer the advantages of improved solar cell effi-
ciency and the absence of spin axis bearings, but do increase the require-
ments of the thermal control system since the nonspinning satellite is
not uniformly illuminated by solar energy. Attitude control systems for
three-axis stabilized satellites have long been employed for noncommunica-
tion satellites, and application of the sensor and actuator technology
should present no particular difficulties.

Current developments in materials for communication satellite structures
include sheet metal core and lightweight honeycomb equipment panels, with
extensive use of aluminum, magnesium, and beryllium on the RCA SATCOM.
Satellite antenna reflector material for the current state of the art
is Keviar. Other weight~saving materials used within the satellite in-
clude graphite-fiber epoxy composite filters in the multiplexers replac-
ing the conventional invar filters.

8.5.1 Station Keeping

The gravitational forces of the moon and sun, as well as the gradient
of the earth's gravitational field, perturb the orbits of geosynchronous
communications satellites, Satellite station keeping systems are required
to overcome these distrubance forces. Motion of the satellite (as seen
from the ground) increases the complexity of the earth station antenna
systems and increase the interference between satellite systems. The
current technclogy for these station keeping thrusters is a chemical
reaction engine utilizing hydrazine as the propellant and having a low
specific impulse (approximately 220). In the near future, these hydrazine
thrusters will be replaced by Cesium or Mercury Ion engines with signifi-
cantly higher specific impulse (approximately 2000).

The =zpecific impulse of an engine is proportional te its thrust
and inverscly proportional to the rate at which it consumes propellant.
Thus the propellant required to prov-de a specified thrust for a given
length of time is inversely proportional to the specific impulse of the
thruster. The mass budget which must be allocated for a station keeping
system with current hydrazine technology is significantly greater than
that which would be expected with the use of ion engines. A recent

Hughes Aircraft Company study has concluded that the weight savings
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introduced by the use of ion engines is approximately 165 pounds for a
small spinner communications satellite and approximately 195 pounds for
a larger 3-axis stabilized satellite. These weight savings are after
allocation has been made for additional electric power requirements.
Station Keeping requires (1) a measure of the error in satellite
location in orbit, (2) a method of algorithm for determining the required
thrust direction, magnitude and duration required to correct the station
keeping error, and {(3) a set of thrusters to accomplish the corrective
manuever. Station keeping error is normally measured by a earth tracking
station. Earth-based tracking, telemetry and command (TTC) systems are
utilized with Intelsat, WESTAR, etc. Autonomous station keeping measure-
ment systems are used on the experimental LES 8/9 satellites. Typilcal
station keeping thruster requirements necessitate a minimum average thrust
of about 1 millipound. Recent ion engine activities include an experi-
mental system on the ATS-F satellite where a failure of the cesium feed
system during the second attempted firing of the 1 millipound, 150 watt
ion engine occurred. The planned ion engine experiment on the Communica-
tion Technology Satellite (CTS) was removed because of weight limitations.
In recent studies, Hughes Aircraft Company has performed tradeoff and
analyses of five, eight, and twelve centimeter ion engines versus hydra-
zine thrusters. Comsat has proposed the use of higher thrust ion engines
used in conjunction with nickel-hydrogen batteries for higher electrical
efficiency and longer wear—ou& lifetimes. Specifications for the ion engine
system of the ATS-F experiment are given in Table 8.14. Requirements for
thrusting to correct north-south orbital perturbations are significantly
greater than those for east-west perturbations. Figure 8.6 shows a plot
of the available payload as a function of spacecraft weight at the beginn-
ing of the syndronous orbit for system utilizing hydrazine and for systems
utilizing ion engines for north-south station keeping. Projected lifetime
for current design ion engines is 21,000 hours, or a 7-year lifetime. A
typical statiom keeping accuracy for such a system is 0.1°. The primary
limitation on the technelogy for jon engines seems to be the power supply
for the ion engine. This supply requires a number of different high voltage
outputs. An area that should be addressed in ion engine studies would be
that of locating the boundary of the plume from the ion engine. Angles

of from 50° to as high at 90° have been used as estimates for this boundary.
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TABLE 8. 14

Ion Engine System Specifications for AIS~F

System specifications for each of the two ion thruster systems are:

thrust 0.004N

thrust vectoring £3° in X and ¥
specific impulse 2500 s

total impulse 70,000 N-S
input power 150 W

system mass 16 kg (35 1b)

propellant capacity 4400 h at 0.004 N
command channels 13

telemetry channels 12

Table 8.15 describes the characteristics of several types of electric
thrusters.

A side benefit to be gained by implementation of ion engines for
station keeping is that of control of space charging of the satellite structure.
In previous syncrhonous satellites a large voltage build-up has occurred,
with discharpes damaging electronics and upsetting logic devices. Ion engines

have been used on ATS-5 and ATS~6 to safely discharge the spacecraft.
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TABLE 8.15

ELECTRIC THRUSTER CHARACTERLISTICS

1 2 3 &4 5 6 7
Fuel Tankage & feed Power
selaht weight plus Specific Power penalty Total kg
Thruster Isp welsg electrical system thrust required weight
system {sec) (kg) weight (kg) {w/m-N) (w) (kg) 2+3+6
Decomposed a
N.H, or NH,> 250 131 13.5 + 0 — 202 1 145
274 3
Ton Engine 2100 15.7 4.6 + 9.2 30 133 6 35.5
Colloid
Engine 1300 25.2 4.5 + 9.1 18 80 3.7 42.5
Pulsed
Plasma b
Thruster 800 41 2.5 + 16 40 176 3 67.5

qror NH3 system only

b

c

d

At 4.43 % 1073

At 50 joule/discharge.

N Thrust.

22 w/kg for prime power and conditioning.
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8.5.2 Attitude Control

The attitude control system of a spinning communication satellite
maintains correct orientation of the satellite spin axis, and the attitude
controel system of a three-axis stabilized communication satellite maintains
the desired orientation of all three body axes of the satellite. Control
of satellite orientation is required in order to point the satellite
antennas at the desired region of the earth's surface. For a three-axis
control satellite, the attitude control also keeps the solar cell array
directed toward the sun.

Attitude cantrol systems are composed of (1) attitude sensors, (2)
an implemented control law, and (3) the actuators. With current technology
the angular accuracy of the attitude control system is limited by the
accuracy of the attitude sensors. These attitude sensors may be either
(1) infrared earth horizon sensors, (2) star or sun sensors (3) imertial
reference systems, or (4) RF earth beacon trackers. Infrared horizomn
sensors are most frequently used and offer attitude control systems
with 0.1 degree accuracy in pitch and in roll, and 0.3 degrees in yaw.
Farther improvements in the accuracy of these infrared semsors is hampered
by the nonspherical nature of the earth's infrared horizon.

With a trend toward smaller beamwidth antennas, future attitude
control systems will be required to control larger, mere flexible space-~
craft with even more stringent attitude-pointing requirements. Wstimates
of antenna beamwidths of 0.5 degrees and attitude control requirements
of 0.05 degrees in 1985 have been made, While RF attitude semsors such
as interferometers or monopulse trackers can be used to track a speci-
fically designed and located beacon signal from the earth's surface, they
can also be used to track directly the transmitted communication signal
from the earth station. These so~called autotrack systems result in direct

control over the pointing of the antenna itself and therefore are not subject

to the error introduced by thermal distortion of the satellite structure
normally uncountered between the antenna and the sensor location.

RF attitude sensors apparently are currently flying on military
satellites. Their performance figures are said to be good, but advances
. need to be made in reduction of size, power requirement, weight, and cost
for these sensors to be competitive for application on commercial communi-

cation satellites.
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The primary disturbance torques acting on a geosynchronous communica-
tions satellite are due to solar pressure and to misaligned station keeping
thrusters. The disturbance torque associlated with the misaligned thrusters
is less for ion engine thrusters than for hydrozene thrusters because of
the lower thrust level. Actuators available for attitude control include
thrusters, momentum wheels, control mement gyros, and magnetic torquers.
The trends in requirements for attitude control are towards increasingly
tighter pointing requirements associated with antemna spot beam requirements,
and larger, more flexible solar panel arrays and antennas leading to
flexible spacecraft. This latter trend may necessitate the use of distri-
buted control systems on future satellites. The current accuracy state
of the art for satellite attitude control systems is approximately 1/10°
in the pitch and roll axis, and 2/10° in the yaw axis. Improvements in
attitude control tolerances must come from improvements in the sensors
themselves. With horizon sensors, one may need to resort to processing,
such as Kalman filtering, to improve the sensor accuracy. The use of RF
sensors tracking the communication uplink signal in a manner analogous to
a monopulse radar tracker offers an opportunity to reduce the thermal distor-
tion pointing errors associated with separately located sensors and communi-
cation antennas. Table 8,16 contains some of the key features of present
technology attitude control systems appropriate for a 24-transponder
domestic satellite weighing about 1000 pounds. Table 8.17 shows the
attitude control system performance of the ATS-6 experimental satellite.

It is expected that the 1985-era satellites using 0.5 degree antenna
beams will require pointing accuracies of 0.05° in pitch and roll, and
0.01° in yaw.

A recent ATS5-6 interferometer experiment [l7Jutilized an 18.5 pound,
15.5 watt, spacecraft interferometer system. As an attitude sensor, the
inter ferometer demonstrated an ability to provide stabilization to better
than 0.004° for 43 minutes and a projected long-term stability to the
order of 0.01°. Momentum wheels used in the attitude control of ATS-F
and similar experimental spacecraft operate at levels of 1 to 2 Newton

meter seconds of stored angular momentum, The wheels rotate at approximately
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Axes
Pitch/Roll
Pitch/Roll

Pitch/Roll

Yaw
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TABLE 8.16
ATTITUDE CONTROL PARAMETERS

Pointing accuracy, 0.1 deg in piteh and roll
0.3 deg in yaw

Weight, on the order of 37 1lb

Expected operating life, 10 years

Reliability, 0.97 for 7-year life

Power, 30 watts

TABLE 8.17
ATS-6 ATTITUDE CONTROL SYSTEM PERFORMANCE

pointing only, no "offset' capability)

Using Polaris Sensor .1 deg

Control Mode Accuracy Stabilicy
Using Earth Sensors or Interferometer 0.5 deg .01 deg
"Low Jitter" Mode, with E.S. or <.1 deg 005 deg
Interferometer

Ilsing C-Band Monopulse (Direct - .005 deg
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1,000 RPM. An appropriate research area for momentum wheel and control
moment g¢yro actuators is the wheel highspeed bearing technology. Magnetic
bearings are presently in the transition stage from being a laboratory
curiousity to being an item of practical use [18l. Highspeed bearing
research programs must consider such areas as causes of oil depletion,
retainer stability, alignment, thermal distortion, contamination, vibra-
tion, and metal flaws. Previous research [19] in bearing retainer material
has included Nitrile-acrylic copolymer material. Tests of its physical
properties have shown it to be suitable as a ball bearing retainer.

One of the biggest error sources in the infrared horizon sensor
(horizon radiant noise) is being reduced by moving to a higher frequency
sensor-—about 14 to 16 microms in the o, band. The vaw accuracy of attitude
sensors can be improved by using a sun sensor with the horizon sensors.

A typical sun sensor accuracy is only about 2 arc-minutes. Alternately,
the use of a biased momentum wheel gives a natural yaw control to alignment
of the wheel momentum vector with the normal to the orbital plame. Typical
solar torques are on the order of one millifoot pound in magnitude. There
is a need for rate gyro development resulting on lower drift rates. The
drift specifications on laser gyros are now about 0.015° per hour. TFuture
systems may use a gyro for short-term sensing, and an averaged or Kalman
filtered earth sensor for long-term control. Measurement experiments
related to this have been performed with WESTAR. Another sensor approach
is the use of a large number of inexpensive sensors.

The first Intelsat 4 spinbearing system went into a 90 Hz oscillation
resulting in a 0.3° antenna pointing error. Increasing the amount of oil
to the bearing for increased life had resulted in a thicker oil film at
the bearing which apparently induced slow oscillations in the bearing
disturbance torque. Two primary goals in bearing development are (1)
to end the wearout mode nf failure and (2) to operate at higher speeds,
such as 20,000 to 50,000 RPM. Early experiments with magnetic bearings
have shown that the magnetic losses themselves are surprisingly high.

An overall geocentric pointing aceuracy of 0.032° of arc has been
claimed for the new generation of static infrared earth sensors derived

from those on the symphony satellite.
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Figure 8.7 shows a block diagram for a single channel monopulse tracker
applicable to spacecraft antemna autotrack systems.

8.5.3 Electric Power System

Spacecraft electyical power systems consist of subsystems for energy
generation, storage, and distribution. The electric power may be pgenerated
by solar cell arrays or by nuclear reactors. Although energy can be stored
in flywheel devices, it is commonly stored in batteries such as the NiCd, or the
more recent NiH2 batteries. The electrical distribution system can be AC
or DC at high or low voltage levels, and regulation may be performed at a
central location or individually at the loads.

Previous studies have indicated that nuclear generation of electric
power is competitive only if the power requirements of the satellite exceed
10 KW. Communicatiom satellites currently in orbit nominally requirz about
1 KW and utilize arrays of conventional solar cells. Spinner satellites
using the drum surface for mounting of the solar cell have only about a
30% effective area towards the sun. Body stabilized satellites with roll-out
or fold-out solar panels can have essentially a 100% effective area arrays.
The arrays should be of lightweight and minimum thermal distortion material
and low resistance interconnections between solar cells are required. Conven-
tional solar cells are about 10% efficient in the conversion of sclar energy
to electric energy. Recently developed advanced solar cells called thz
violet cell and the black cell have efficiencies of 30% and 50%, respectively.
Cadmium sulfide solar cells are structurally flexible but have a lower effi-
ciency than the standard silicon cells. Antiradiation coatings are required
for each type of solar cell. The two classes of advanced solar cells described
above are still not commercially available on a production basis.

Current technology solar arrays produce about 15 watts of power per
pound of array. Array pointing mechanisms are required for maximum efficiency
operation, and power slip range using technology such as liquid metals are
required for transmission of the power from the arrays to the satellite
distribution system. Minimization of solar pressure torques is an important
consideratirn in the design of a solar cell ariay.

The current standard of the industry, the NiCd battery, is relatively

heavy and has limited charge/discharge cycling characteristics. Research
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in the early 1970's in electric energy storage devices centered on H202
fuel cells. The recent advances of the NiH2 battery has some of the
advantages of the fuel cell. This new battery is lighter than the NiCd

by a factor of 2 or 3, and has a larger number of allowable charge/discharge
cycles. However, it does require more volume than the NiCd battery. The
NiH2 battery produces no change in its water level as it is being charged;
this allows more flexibility i1 the charging/discharging cycle. The NiH

battery is scheduled to fly on an NTS-2 satellite in the fall of 1976.

2

The cosc for am electric power system for a typical communication satellite,
including the battery, is around $2 million for a 1 KW power system.

The solar cell radiation damage experiment (SCRDE) of the ATS-6 satellite
has been transmitting data on 16 different solar cell/cover glass configura-
tions in orbit., The experiment is designed to study the effect of the
synchronous orbit environment on selected solar cells and cover glass
parameters, such as solar cell thickness and base resistivity, cover
glass thickness variation, new cover adhesive processes and materials
such as the 7940 and 7070 integral covers and the fluorinated ethylene
propylene {FEP) covers, the Comsat wviolet cell, and backside irradiation
effects 120]. All cells performed well through the 325 days in orbit,
except the FEP-cover cells which appeared to have increased their rate
of degradation during the first eclipse season. Table 8.18 describes
the ATS-6 solar cell flight experiment configurations. TFigure 8.8 shows
the maximum power obtained from each configuration as a function of the
number of days in orbit. The relative cost of solar cells as function of
cell thickness for different time frames is given in Figure 38.9.

Figure 8.10 shows the cost comparisons for solavr arrays and batteries
and three types of nuclear reactor power sources,

TRW Inc. has found that spacecraft batteries can be reconditioned
by draining them down to approximately 1 volt per cell and then recharging
them. The batteries come back up to near their original performance status,
The current state-of-the-art on solar cell grid contact resistance seems
to be about 1/10 of an ohm in experimental arrays. This value was achleved
by the use of photolithography and with large area contacts., Anti-

radiation coatings lmpedance matching significantly affects the
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TABLE 8.18

ATS-6 SOLAR CELL FLIGHT EXPERIMENT CONFIGURATIONS

Cell Cover

Resis~- Thick~ Glass
Configu- tivity, ness, Thickness !
uration ohm-cm cm cm Remarks Location
1 10 0.030 0.0076 Rigid
2 10 0.030 0.015 Rigid
3 10 0.030 0.030 Rigid
4 10 0.030 0.076 Rigid
5 10 0.030 0.0076 Plain 7940 fused silica Rigid
cover; no filter or
coatings on cover
6 10 0.030 0.0008 7940 integral cover Rigid
7 10 0.030 0.0076 7070 integral cover Rigid
8 2 0.030 0.015 Rigid
9 2 0.020 0.015 Rigid
10 10 0.030 0.015 Cover without UV filter; Rigid
cover adhesive of
0.005 cm FEP
11 10 0.030 0.015 Rigid
12 2 0.02>5 0.015 COMSAT violet cell: Rigid
cerium doped micro-
sheet cover without UV
filter
i3 10 0.030 0.013 FEP cover without added Rigid
adhesive
14 10 © 0.020 0.015 Flexible
15 2 0.020 0.015 Flexible
16 2 0.039 0.0L5 Flexible

REPRODUCRBOITY OF TIE
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Figure 8.8 ATS-6 Solar Cell Flight Experiment
Configurations

efficiency of solar cells. The radio isotope generators used in LES-8/9
satellites produce 150 watts of electric power initially; this is more than
twice the output of previous spaceborne sources of this type. Projected
output from each generator after 5 years im orbit is 130 watts. The
generators utilize silicon/germanium thermoelectric cells and having the
highest specific power achieved to date. The gemerator is fueled by

plutonium-238, and measures 15.7 inches in diameter by 23 inches long.

8.5.4 Thermal Control

Satellite thermal control systems are required in order to avoild tempera-
ture extremes which increase component failure rate or require more costly
components. Twemperature extremes also result in thermal distortion of
satellite structure, antennas, etc. The severity of the thermal problem
is highly dependeant upon the satellite configuration, A spinning satellite
is more uniformly heated by the sun and has less temperature extremes than
does a three-dimensionally stabilized satellite. 1In addition to heat from
solar radiation, heat is produced by power dissipation in the transmitter
output amplifiers and by bearing friction. Thermal control techniques include

both passive and active systems. Passive radiator panels can be used to
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control maximum temperatures. Electric heaters can be used to control
minimum temperatures, and controllable louvers can be used to reduce the
heater power requirements. Fluid loops can be used to transport heat from
hot spots to deployable radiators. Heat pipes are useful for efficient
conduction of heat from a hot spot to a radiating area.

Passive paint patterns with heaters for cold regioms can be used for
maintenance of required temperature limits when all units of a satellite
operate at a similar power level (for example, the proposed Intelsat 5).
However, for communication satellites with a large variation in power
dissipation of various subsystems (for example, the military DSC8) the
use of heat pipes with the radiator is required. Heat pipes have reached

a reliability point where they are flown without particular concern now.

137




Current research in heat pipes is devoted to the development of bent pipes,
longlife heat pipes, and variable conductance heat pipes. Active heat
pipe systems incorporate the variable conductant heat pipe, temperature
sensors, and the heating of the inert gas of the pipe to vary the
conductance. Typical working fluids include ammonia and acetone. Grooved
heat pipes are being investigated for minimum temperature differential.

For heat pipe designs where a large heat rejection requirement (500
to 700 watts) with perhaps a high transient requirement with peaks
about 10 to 20% of the time, phase change devices (melting) may be useful
for the transience. An alternate concept for thermal control is the use
of fluid loops where a liquid is pumped around the loop at a high rate.

The valves, rather thanm the pumps, sre the lifetime limiting items for these
systems. Another desirable qualicy of heat pipes is graceful detericration
rather than catastrophic failure.

White paints have a solar absorbance factor, alpha, between 0.2 and 0.4.
A titanium surface would have alpha approximately 0.7 and an epsilon of 0.1,
and would run hot (approximately 1000°).

One thermal control system problem which has been encountered in industry
is an instability resulting from coupling between the charge control system
for the batteries and the temperature control system for the batteries.
Advance analysis techniques utilizing computer modeling should allow design
of an inherently stable control system here. Contamination of radiating
surfaces is also a problem with thermal control systems. Research is
currently being conducted with cascaded heat pipes operating at liquid
nitrogen temperature with a 7 watt transfer capability. There is a need
for a lightweight heat radiator for traveling wave tube applications with
operating temperatures around 230°F, power dissipation around 150 watts,
and a system weight of about 3 pounds. The variable conductance heat pipes
intended for application as battery temperature control device utilize a
noncondensable gas stored in an adjoining reservoir. Within the heat pipe
itself, the vapor stays to. one side,-and the gas stays to the other; the
gas is at the heat sink end of the tube, and the vapor is at the end of
the bue which picks up the heat. Industry has expressed a need for an

incentive for flight testing of variable conductance heat pipes.
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The advanced thermal control flight experiment (ATFE) launched ahoard
the ATS5-6 in May of 1974 contained a thermal diode (one-~way heat pipe),
a feedback controlled variable conductance heat pipe, and a phase change
material. All thermal control components performed as expected for the
existing flight environment. However, the daily reservoir and radiator
temperatures during peak solar imputs are greater than those experienced
in ground acceptance tests. These increased temperatures have resulted in
a loss of control by the feedback control variable conductance heat pipe
for several hours around a period of maximum insolation, The higher tempera-
tures are apparently due to contamination and/or degradation of the second-
- surface mirrors wliich cover the reservoir and radiator. Table 8.19 describes
the operational modes of the advanced thermal control flight experiment,
The temperature control capability of the thermal diode, phase éhange
material, and feedback controlled heat pipe have been demonstrated for
almost one year of ATS-I flight operation. Both the diode and the feedback
controller transport approximately 23 watts in the normal and passive
modes during maximum conditions. Up to 30 warts has been carried by the
feedback controller when the auxillary heater is applied. The thermal
conductance of the pipes during forward mode operation is approximately
10 watts/degrees C. The variable conductance operation of the feedback
control heat pipe has resulted in temperature stability to within i2°C
at 42°C. The same pipe when operated as a passive variable conductance
heat pipe demonstrated 32.5 + 9.5°C control under the same test conditioms.
The phase change material melts at 28°C and freezes at 27.7°C. Complete
melting and freezing of the material has been demonstrated through more
than 200 daily cycles. Subcooling has no apparent effect upon the stability
of the melting temperature, While variable data has been gained from

this experiment, additional effort is required to bring these technologies,

egpecially the closed loop controller, teo maturity.
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ADVANCED THERMAL CONTROL FLIGHT EXPERIMENT OPERATING MODES

MODE

DESCRIPTION

COMMAND STATUS

Normal

Auxiliary

Passive

Passive-~

Auxiliary

Back~Up

Back-Up/
Auxiliary

Normal operation of system;
Controller provides automatic
regulation by PCHP,

Auxiliary heater ON, to provide
additional exercise of FCHP or

redundancy i1f thermal diede
should fail.

FCHP Controller turned OFF:
FCHP acts as a passive
variable conductance heat
pipe.

FCHP Controller OFF and
Auxiliary heater ON as in
Auxiliary Mode, to evaluate
system with passive control.

Manual control of the back-up
reservoir heater, to provide
redundancy in the event the
FCHP Controller should fail,
or operation at an alternate
set point.

This mode is redundant to the
Auxiliary Mode, with manual
control of the Back-Up
Heater. It can also be used
to demonstrate additional
FCHP performance at tempera-
tures different from the

TFCHP controller's set point.

ATFE Experiment Turn ON
ATFE FCHP Controller ON

ATFE Experiment Turn ON
ATFE FCHP Controlier ON
ATFE PCM Box Auxiliary
Heater ON%

ATFE Expe lment Turn ON

ATFE Experiment Tura ON
ATFE PCM Box Auxiliary
Heater ON

ATFE Experiment Turn ON
ATFE FCHP Back-Up Reservoir
Heater ON/QFF##%

ATFE Experiment Turn ON
ATFE FCHP Back-Up Reservoir
Heater ON/OFF%*

ATFE PCM Box Auxiliary
Heater ON

*The auxiliary heater is attached to the diode side of the PCM box and has a
20-W electrical oukput,

*%*The back-up heater is attached to the FCHP's reservoir and is redundant to
the reservoir heater regulated automatically by the controller. It has a
2.8-W output and is turned ON or OFF by command, as needed, to maintain
control at the desired set point.
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8.5.5 Satellite Antennas

Improved satellite antennas are needed for the use of low-cost earth
stations where high effective radiated power is required. Satellite antennas
are required then with high gain and multiple beams. Communications satellites
can employ reflectors, horns, lenses and phased arrays. For lenses, low-loss
dielectric materials are needed while lightweight, low distortion materials
are a reflector requirement. For multiple beam applications, beamwidths of
less than 1° with gains greater than 43 dB are necessary. Beam shaping will
in turn be necessary to illuminate specific areas on earth, while sidelobe
reduction must be realized so that sidelobe levels are held to -40 dB. Among
the additional requirements for satellite antennas are -

a. Orthogonal polarization isolation between beams must be 40 dB or

greater for independent beam operatrions;

b. Efficient generation of a large number of independent beams from
a common spacecraft aperture is needed;

¢. Reduction of mass and cost for single large satellites wust be a
continuing development;

d. The availability of high power transmitters (Subsection 8.5.6) with
improved spacecraft antennas with gains up to 30 dB will provide spot
beam footprints on earth with enhanced flux density.

The improvements of effective radiated power will provide for the use of
receiving terminals in applications no previously possible. It has been
suggested that with sufficiently large broadcast satellite power, a useful TV
11 GHz system can be built to provide an entire ground terminal with a cost
under $500.

New antenna concepts continue to appear, e.g., the offset feed Cassegrain
antenna (BTL), the Tarus antenna (COMSAT) and the flat plate using Fresnel
rings (Aeronutronic Ford/Stanford).

The requirements on antennas into the millimeter wavelength region are
discussed in Subsection 8.6.1.4 and, except for the high tolerance requirements
of the millimeter wavelength region, the majority of the discussion also refers
to antennas in the frequency range from 2 GHz to 30 GHz. Considerations for

antenna improvement must include:

Lower cost fabrication techniques,

New materials (graphite epoxy, plastic),
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Maximum efficiency,
New antenna approaches,

Multiple feed systems.

A recently launched synchronous satcom system of RCA has employed graphite
fiber epoxy composite materials for the spacecraft’s communications input and
output multiplexers, antenna horns, waveguide and supports, The system operates
on a 6 GHz uplink and a 4 GHz downlink. Parabolic reflectors of the antenna
are fabricated from Revlar, a Du Pont aromatic palyimide material. Twelve
vertically polarized and twelve horizontally polarized channels are used with
an adjacent channel isclation of 33 dB minimum.

The use of small isolated beams directed to high traffic areas requires
large antenna reflectors. The techniques required include further investigation
of furled or folded antennas, multiple beam feeds, temperature variations, new
materials and the important parameter of flight testing since testing cannot

be performed on the ground.

Figures 8.11 and 8.12, taken from a recent NASA Task Team Report on Satellite

Communications, show a forecast of developments in gain, mass, and cost for
single large satellite antennas and a weight trend plot for a multiple beam

antenna at 12 GHz.
8.5.6 Satellite Transponder

During the recent developments of satellite communications systems, solid
state devices have played an important role. While low noise TWI's are impor-
tant for transmitter requirements, many of the low power requirements are being
assumed by solid state devices. Thus, receiver front ends in the form of TDA's
and now FET's are being realized. Driver oscillators and local oscillators can
employ Gunn oscillators and possibly eventually FET's.

The reliability of TWT's is important for the power amplifiers at 4 GHz
and above. Below this, the power amplifier can use transmittors. The S~band
powver amplifier of the ATS-6 satellite serves as an example here. TFor power
levels above 10 W. and at frequencies above 4 GHz, the power amplifier or TWT
will continue to be used. The solid state area will continue to work toward
the development of a solid state equivalent of the TWT power amplifier at

b
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The

need for increased satellite power and receiver sensitivity is impor-

realizing systems to meet the future communications requirements. For

of satellite power requirements, the following developments are im-

Increased satellite radiated power to reduce cost and sensitivity
requirements of ground terminals. Increased effective radiated
power is alsc a necessity for broadcast satellites.

In order to reduce intermodulation content, linearization of the
power amplifiers' gain must be improved.

Constant improvement in TWTA power output has resulted in a Hughes
TWT with 200 w. output at 11 GHz for CTS. At 12 GHz, broadcast
satellites have available a 200 W. Litton TWTA and above 500 W.
from Siemens and Thomson - CSF. It is possible that continued
tube development will result in an output in excess of 1 KW. at

12 GHz.

The expectations for FET's are such as to expect them to compete
with 15 W. TWT's at 4 GHz and 7 GHz. Their good efficiency and
excellent low intermodulation distortion characteristics are attrac-
tive. On the other hand, efforts to linearize the TWT will probably
increase the effective linear range of these devices.

In all spacecraft transmitters, increased efficiency is needed to
achieve greater power levels on the satellite.

Improvements continue to be made in Ga As IMPATT devices. At a
recent Solid-State Circuit Conference, a Ga As IMPATT reflection
amplifier was described which delivers 5 W. over a 250 MHz band-
width at 13.5 GHz. This provides 37 dB of gain for a -20 dB input
and to achieve the output level, a double-mesa Read diode is used.

A cavity-stabilized IMPATT oscillator has been developed by Bell
Labs and has shown a frequency stability of 1.6 ppm/°C. A K -band
microstrip IMPATT amplifier that delivers 5 W. at 13.5 GHz wis also
reported by TI and this could be a significant device for communica-
tions applications.

A Tecent NASA Task Team Report on Satellite Communications (December,
1975) has presented a group of curves on the chara:teristics of
linear beanm tubes (e.g., maximum power vs. frequency, electron tube
cost vs, power and 3 dB life vs. rf power) and graphs of solid state
transmitter and tube transmitter trends. These are valuable data
for assessment of the capability and cost of future communicatioms
systems.

front-end of spacecraft receivers in the microwave region to 12 GHz

can contribute significantly to improving the earth/space link as improvements

in RF amplifiers are made. Figure 8.2 shows the forecast of device noise

temperatures, and Subsection 8.6.1.2 describes some of the receiver technology




through the millimeter wavelength region. The trends are such that the
simpler, lower cost galliumarsenide FET amplifiers will replace the costly
tunnel diode amplifiers (TDA). The FET amplifiers have demonstrated noise
figures on the order of 3 dB, compared to approximately 5 dB for the TDA.
The forecast for the year 2000 shows a large improvement over the TDA. FET
amplifiers are currently available commercially to 12 GHz. It is expected
that, as FET's develop and their cost is reduced, they will replace not only
TDA's but also TWT's, Gunn-effect and IMPATT amplifiers.

Several interesting aspects of the FET are observed in the rapid advances

being made with these diodes:

l. It is predicted that, as costs are reduced, the FET will replace
the low-cost Gunn diode in oscillator applications. In turn,
as FET rf power increases, they will possibly replace the IMPATTS
as higher power sources. The current high cost of the FET has
restricted their use to amplifier applications.

2, A recent cost projection in Mlecrowave System News estimates that the FET
will drop from the present $100 range to approximately $20 by 1980,

3, It has recently been possible to demonstrate the operation of a
12 to 18 GHz FET which used a 0.5 micron wide gate.

4, Reduction of gate widths will result from improvements in pattern
definition processes. Optimization of FET device performance will
also result from improvements in the material itself, Ga As epitorial
wafers.

5. RCA, Ltd., has employed an FET amplifier in a space system and has
demonstrated successful operation.

6. The FET devices are new and have not been given extensive reliability
tests. This area will be important for future spacecraft applications.
Many small signal Ga As FET's which are commercially available tend
to drift with time on the order of a few dB in noise figure and gain
for periods ranging from seconds to days. RCA Labs has reported that
power FET's do not have the drift problems demonstrated in small
signal devices. Avantek has reported that the noise figure and gain
drift in small signal microwave FET's can be minimized by depositing
a layer of polyerystalline Ga As (PGA).

The trends of uncooled and cooled paramps are such that these devices
will be used in cases where FET's cannot meet the low noise temperature require-
ments. Projections for cooled devices are that noise temperatures on the order
of 10° K will be achieved in 1985 for 2 - 18 GHz with paramps (17° K ambient),

Josephson junctions and masers as the devices: thermoelectrically cooled paramps
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are expected to have 30° K - 60° K noise temperatures in this spectral region,
while FET's are predicted to have 1.5 dB - 3 dB in this region.

The Schottky barrier mixer devices: which are discussed in Subsection
8.6.1.2, are continuing to develop to contribute to low noise performance.
With image enhancement, these devices will improve beyond their current status
of a 3 dB conversion loss at 12 GHz.

Transponder switching is an extremely important factor for increasing the
capacity of the transponder. This can be achieved by time division multiplex,
PCM-phase shift keyed, time division multiple access techniques and further by
usging multiple beams (space division multiple access). A further two-fold
increase is possible by use of polarization diversity, discussed in Subsection

8.5.5.

8.6 Millimeter Communications Systems

The increasing demand of communication system users requires that tech-
nologies curpentlf not employed be considered for expanding the capabilities
available for applications. The indication is that the number and type of
applications for satellite communications will increase significantly in the
1980~2000 time frame. Whether or not these appli =ations can be realized
depends on the utilization of appropriate technologies. Of particular im-
portance is the potential problem of spectral crowding; obviously, some form
of achieving higher capacities is necessary. One such means of spectrum re-
lief is to shift the appropriate services to the millimeter wavelength and/or
optical wavelength regions.

In order to provide a measure of the potential benefits to be gained and
to allow an assessment of the risks and the costs involved in the development
and applications associated with the millimeter and optical regions, it is the
objective of the following two sections of this report to establish the state-
of-the-art and forecast potential technology developments in the spectral
regions of interest, and to investigate associated technical problems (e.g.
the impact of atmospheric attenuation). This section, Section 8.6, will
survey the millimeter wave technology requirements, while Section 8.7 will
treat the optical technology needs.

With a knowledge of the current demand for services and a forecast of the
need for these services in view of NASA's long term (1980-2000) goals, an
attempt will be made to establish the services and corresponding requirements

that could be realized in the 1980-2000 time frame with emphasis on those ser-
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vices that could be provided by millimeter wave optical techmnology.

A survey of millimeter and optial technolegy relevant to space
communications must cover an enormous number of topics in both the research
and development areas. In several of these areas, the required technology
does not exist as yet, so that consideration must be given to those schemes
which will meet future technology needs. Before embarking on a comprehensive
survey, it is necessary to establish the advantages which will accrue from
operating at the short wavelengths of the millimeter/optical regions. Table
8.20 lists the advantages of satellite communications in the spectral regions
of interest.

In order to perform this survey, several sources were employed for ob-
taining information. Both telephone conversations and visits were used as a
means of contact with industrial suppliers, NASA centers, COMSAT, DOD, and in-
dividual investigators. A detailed literature survey has been performed during
the course of the survey. The survey which is presented in the following sections
has been organized in the following categories:

1. Millimeter Wave Component Technology Required for Communications;
2. Atmospheric Effects in the Millimeter Wavelength Region;
3. Millimeter Wave Communications Systems Concepts;

4. The Potential Use of the Submillimeter Wavelength Region.

Simmilarly, Section 8.7 on Optical Techmology has been organized in
the following categories:

1. Candidate Optical Communications Systems; °

2. Required Optical Component Technology;

3. Atmospheric Effects in the Optical Wavelength Region;
4. Optical Communications Systems Concepts.

TABLE 8.20

ADVANTAGES OF SATELLITE COMMUNICATIONS
IN MILLIMETER OR OPTICAL REGIONS

—--  High Data Rate Capability

e Narrow Beamwidths

-~ Avoids Spectral Crowding

——  High Attenuation Regions at Millimeter Wavelengths
Provides Noninterfering Operation

—-  Small Systems

- Potential Low Cost Systems for High Data Rates




8.6.1 Millimeter Wave Component Techmnology

The advances made in recent years in millimeter wave component technology
has mainly been the result of the extension of low frequency technclogies,
stimulated by both military requirements and the realization of the need for
utilizing greater frequency coverage. The major deterrents to utilizing the
millimeter wavelength region have been the lack of sources with adequate power
output and the insensitivity of millimeter wave receivers. Recent advances in
both radiation sources and receiver devices have improved the situation con-
siderably. 1In addition, solid state sources are developing rapidly and offer a
great size advantage for satellite systems.

The current state of technology for millimeter wave components is the
subject of this section. A survey of the industry and literature of milli-
meter wave components has been made. The results of this survey are presented
in such a manner that it will be usable for the cost benefits analysis. Each
topic of interest is presented in a subsection, independent of the other sub~-
sections, so that continuous up-dating of the material is possible. The

following categories are treated in this report section:

8.£,1.1 Radiation Sources
8.6.1.1-1 Solid state Sources
8.6.1.1-2 Vacuum Tube Sources
8.6.1.2 Receiver Components
8.6.1.3 Waveguide Components
§.6.1.4 Millimeter Wave Antennas
8.6.1.5 Millimeter Wave Integrated Circuits
8.6,1.6 Millimeter Wave Components Above 100 GHz
8.6.1.7 Millimeter Wave Modulators and Demodulators

8.6.1.8 Submillimeter Wave Technology

The availability and current capability of each required component will be
seen to have its effect on the feasibility of millimeter wave communications

systems and on the prediction of trends in this area.
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The format to be followed for each topic is to give a description of the
current state-of-the art for the particular item, followed by a summary of the

discussion presented in tabular form,

8.6.1.1 Radiation Sources

The development of millimeter wave sources has been significant since
World War II. It hag been a direct fupction of the funding which has been
available from the various government agencies. The millimeter wavelength
region has often been considered to be an inappropriate spectral region for
applications and as « result has received insufficient support. Belated recog-
nition by the military and spectral crowding at lower frequencies are resulting
in increased realization of the importance of this part of the electromagnetic
region.

During the past 10 - 15 years, source development activities have resulted
in the avzilability of several tube sources below 100 GHz. In addition, solid
state so-irces have been continuously pushed from the long wavelength region
until now the limitations on the use of solid state sources is imposed by the
need for new materials. The availability of these solid state sources will
allow satellite communications to be performed at higher frequencies with re-
duction in size of components and the eventual lowering of costs.

This section on millimeter wave sources will discuss both solid state

sources and tube sources, including amplifiers and oscillaters.

8.6.1.1-1 Solid State Sources

Solid state sources exist as both oscillators and amplifiers, and, having
been developed at low frequencies, can now provide several attractive advan-
tages at millimeter wavelengths. These sources take the form of Gunn effect
oscillators and amplifiers, and IMPATT oscillators and amplifier. More
recently, Tunnel Diode Amplifiers (TDAs) have been demonstrated as potential
devices for millimeter wave systems. Each of these solid state devices have

advantages which must be exploited in space communications systems. Although
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each source must be considered individually, potential functions in millimeter
wave communications systems are readily evident. The solid state sources as
oscillator/amplifiers can serve as power sources in satellites for millimeter
wave communications systems. They have the capability to serve as small local
oscillators for fundamental mixing in millimeter wave receivers. An important
function of millimeter solid state sources is to serve as the pump source for
high frequency parametric amplifiers. In turn, solid state amplifiers can

be employed not only for the transmitter end of the propagation link but as an
amplifier of the received signal.

Supporting the use of solid state devices in the above functions are their
characteristics as compact, efficient sources with excellent lifetimes and
potential low noise. They offer great potential for reduced size, weight and
cost of the RF sections in millimeter wive systems of the future. Their pro-
jected compatibility with integrated millimeter wave circuitry is an additional
incentive in considering their applicability to satellite communications needs.
In the area of high power transmission capabilities, power combining techniques
currently being investigated for IMPATT oscillators offer considerable promise.

To provide a brief survey of the rapidly advancing field of solid state
sources, the current state of development, required technology and the direction
that planned R&D appears to be headed are discussed for each type of solid

state device individually.

Gunn Devices

The Gunn devices are transferred-electron devices (TEDs) in the form of
oscillators (TEOs) or amplifiers (TEAs), capable of operating in the millimeter
wavelength region. The Gunn devices are very attractive for low noise per-
formance, and it is in this area that the TED has an advantage over IMPATTS.
While they exceed the capability of IMPATTS in bandwidth and tunability rela-
tive to fm noise levels, the TEDs are lower in power output and efficiencies
(by a factor > 2) for the same operating frequencies and tuning ranges.

In evaluating the appiicability of TED's to millimeter wave communications

systews, the following advantages must be considered:
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Advantages:

Small Size

Potential Low Cost
Simplicity of Construction
Compact Power Supplies
Low Voltage Requirements
Low Current Orain

High Reliability

Broad Bandwidth
Tunability

Low Noise

Low Distortion Effects

The disadvantages of the TED's apply mainly at higher frequencies. While
the construciion of these devices have simple ohmic contacts, the formation of
good ohmic contacts and the chip-to-package bonding present difficulties as
higher frequencies are approached. Thus far, the Gunn oscillator is limited
to operating frequencies below 100 GHz as the efficiency decreases with higher
frequency due to parasitic resistances and time dependence of the Gunn effect.
Improved material purity and dissipation are required for operation at higher
frequencies than is currently possible,

Despite the above disadvantages, the TED's by their low noise capabilities
are excellent candidates for stable efficient paramp pumps, stable low noise
local osecillators and broadband low noise amplifiers. Consideraztion has been
given to the problem of whether the Gunn devices are fundamentally limited in
their operation above 60 GHz. This, however, appears to he a problem in
materials. Indium phosphide (InP) is expected to double the efficiency
achievable with GaAs, will have noise figures at least 10 dB better as amplifiers,
and will potentially operate to approximately 200 GHz. Actually, InP is superior
to GaAs as a TEA or TEQ above 20 - 30 GHz. The prospect of good InF sources
with broad tumability will allow low noise fundamental mixing above 100 GHz.
Currently, harmonic mixing with higher power, higher noisc, lower {requency
sources results in limitations on achiewvable noise figures of receivers. In

addition to the LO capabilities, the InP units will have better heat dissipation
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for pulse devices.

In ovrder to have InP available for these applications, there is a need for
basic InP materials work. In addition, composite InP/GaAs holds promise
but investigations of this material are also needed. In the United States,
Varian is currently considered the leader in InP work, but the major activi-
ties in InP development are occurring in Great Britain. Despite the efforts
currently being exerted, InP reliability is an unknown quantity because of
the small U. S. development of InP devices. In general, the field of TED develop-
ment is limited to a few organizations hecause of the large investment required
and the production results yet to be achieved.

Among the achievements in the development of Guon devices, it is possible
to peint to the following:

1. Narrow band TEA's have operated for years in satellites in the spectral

region of 36 - 40 GHz. In addition, the TED's have had the following

demonstrated capabilities:

TEA's: GaAs 18-26 GHz, G = 10 4B, NF = 15 dB
GaAs 55 GHz, G = 7.5 dB
GaAs Ka~band, reflection type, 2 stage, output > 100 mW
GaAs Ka—band, single stage, P0 = 200 mW
GaAs 240 uW at 38 GHz
150 mW at 54 GHz < 4% Efficiency
87 mW at 75 GHz

TEO's: GaAs 95 GHz, 25 mW
2. 40 GHz varactor tuned TEO has been demonstrated as state~of-the-art.
3. Pulsed TEO's have also been demonstrated.
4., The lifetime of TEQ's have been shown to be excellent, thus yielding
high reliability. Extensive life tests have been performed through

K_-band.
a

5, A Ka—band Gunn driver has been developed for sarellite communications

ground stations. This driver used a new single stage tumnel diode

amplifier with P0 = 200 mW and G = 15 dB.




6. As indicated above, wider bandwidths have been demonstrated for TED's
than for IMPATTS. A single TED has been demonstrated to operate over
the bandwidth of 4 - 31 GHz.

7. MNegative resistance has been demonstrated over greater than 507% band-
width.

8. Low noise InP TEA's have been demonstrated in the 18 - 26 GHz and

> 26 - 40 GHz frequency bands as possible replacements for TWT's. An
amplifier fabricated in the United States has shown a noise figure of
10 dB with a gain of 9 dB at 22 GHz, while a British TEA has been

shown to have a 7 dB noise figure.

On the basis of the capabilities that TED's have demonstrated, several
developmental activities are underway or will be required in order to be usable
devices for communications applications. Included in these considerations are
the following topics:

1. Replacement of TWI's with TEA's. It is anticipated that bandwidths
of TEA's will increase with the improved bandwidth of associated components
such as circulators. The high noise figures, which currently are reported,
limit the usefulness of the TEA's to very broad-band applications. However,
it is likely that, if lower NF can be achieved over narrow bandwidths, the
TEA's could be replacements for paramps and tunnel diode amplifiers.

2. The continued development of TEA's ofrfers the possibility of wideband,
low noise amplifiers above 100 GH=z.

: 3. Efforts are underway to provide TEQ's as higher frequency paramp pump
sources above 100 GHz, and this area of development should continue in the
future,

4, TIn like manner, the TEQ's, with continued extension to higher frequen-—
cies, can eventually provide LO's above 90 GHz and will permit the use of
varactor-tuned LO's above 90 GHz.

5. Integration into millimeter wave MIC's should occur, resulting in
compact circuits for system applications. At Georgia Tech, current investi-
gations at the chip level are concerned with the integration of varactor tuned

TEO's on a diamond substrate for thermal stability and broad bandwidth.




6. To achieve the goals offered by InP, a program on improved materials
and processing techniques is necessary since the United States is at present

dependent on foreign sources.

IMPATT Sources

The IMPATT diodes are in some respects complementary to the Gunn devices,
yvet the two sources are often viewed as competitors and comparisons are made
for particular functions. The IMPATTS are characteristically higher power and
higher efficiency sources than the Guunn devices, but in turn are much noisier
devices. The IMPATTS can consistently give 1/2 W as single units at 60 GHz
with 5% efficiency.

As single sources, the following capabilities have been reported:

1. Si IMPATTS have been developed as sources up to 170 GHz for
paramp pump applications.

2. The high frequency IMPATTS are double drift region diodes with improved
packaging and new waveguide circuitry but low efficiency (1 - 2%). Continued
improvement of the package is important since the drop in power is believed to
be caused by parasitic lead inductance of present packages.

3. TIMPATT diode amplifiers have been demonstrated at frequencies up to
94 GHz., Table 8.21 shows the IMPATT amplifier performance as obtained at Hughes
while Table 8.22 shows pulse IMPATT oscillator characteristics from Hughes
The IMPATTS are silicon devices.

4, Hughes has been able to integrate both IMPATT sources and amplifiers
into millimeter wave circuitry at 60 GHz.

5. IMPATT oscillators have been phase locked at 60 GHz for stability im-
provement., The free-running spectral output of these oscillators requires this
stability improvement to be utilized in future communications systems. Above
60 GHz severe fm noise makes phase—-locking sources difficult.

6. Accelerated life testing has demonstrated MTTF for Si IMPATT diodes
of 2.5 x lO6 hours at 200°C.

7. The state-of-the-art for silicon double-drift diodes has been shown
ta be 25 mW at 170 GHz by Hughes while 80 mW at 170 GHz has been reported in

Japan. The 8i double-drift devices are considered by Hughes-Torrance to be
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TABLE 8,21

IMPATT AMPLIFIER PERFORMANCE SUMMARY

Amplifier Description

Small Signal

Large Signal

Gain Bandwidth  Gain Power Eff,
(dB) (GHz) (dB) (mid) (%)
59 GHz - 1 Diode 10.7 10.0 5.0 315 3.3
57 GHz - Circulator
Coupled 11.0 3.0 6.0 180 2,3
59 GHz - 2 Diode 12.0 7.2 5.0 600 2.8
59 GHz - 4 Diode 11.0 7.6 5.0 830 2.1
57 GHz -~ 3 Stage 31.5 2.5 22.5 480
94 GHz - Circulator
Coupled 10.2 1.5 4.0 100 1.3
TABLE 8,22
PULSE IMPATT OSCILLATORS
Qutput Pulse
Treq. Power Efficiency Width Duty Diode
Band {(Watt) (%) (1s) % Type
X 22.5 5 1 1 NSDR
Ku 5 2.5 1 1 NSDR
Ka 10 10 0.1 1 DDR
W 1.7 2 0.3 0.5 NSDR
D 0.7 4 0.3 0.5 DDR
NSDR = N~Type Single Drift
PSDR = P-Type Complimentary Single Drift
DDR = Double Drift Region
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superior to GaAs READ's in power, efficiency and noise above 35 GHz. This
can to some degree be attributed to better control of silicon technology plus
the benefit of silicon iom implantation technology and compatibility with a
diamond heat sink.

8. The GaAs IMPATTS are believed by some investigators to have the
promise of lower noise and greater efficiency than silicon, despite the
excellent results for S5i demonstrated by Hughes. GaAs has performed well to
100 GHz with good reliability, although noise and efficiencies must be im-
proved., At 95 GHz, Varian has obtaimned in the laboratory an output of 20 mW
at an efficiency of 0.7%4 as compared to 380 mW, 5.5% efficient at 25 GHz.

9. 1Investigations at 35 GHz have shown that p-type IMPATTS have better
fm noise characteristics and higher efficiency than n-type diodes.

In discussing the IMPATT diodes, one can list several drawbacks or im-

proved performance needed for millimeter wave applications. Included in these

problems are:

1. Difficulties in interfacing available IMPATT millimeter sources in
subsystems.
Need for improved temperature stability.
. Improved reliability.

. Need to be more reproducible.

2
3
4
5. Reduction of gain variations with temperature.
6. A definite need for lower source noise and improved amplifier NF,.
7. Greater bandwidth capabilities are needed.

8

. Improvement of packaging, heat sinking and electrical contacts.

For an insight inte the current related R&D and future R&D needs for use
in millimeter wave communications systems, the following topics should be
considered:

1. Research and development has been on—-going and should be continued

in these categories:

a. Extension to higher frequencies;
b. Greater stability and reliability of TMPATTS;

¢. Bandwidth and power output improvements;

ORIGINAL PAGE IS POOR
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d. Integration into millimeter integrated circuits;

e. Materials improvements;

f. Lowering of costs of GaAs diodes;

g. Continued improvement in lifetime of diodes;

h. Continued development of double drift region diodes; an improve-
ment in power and efficiency by a factor of 2 at approximately 40
GHz is anticipated;

i. Woise improvements for LO's;

j. PFurther investigation of superior noise and efficiency character-

istics of p-type IMPATT's.

2., Work which has been performed by TRW on a 34 GHz, 10 watt amplifier
for a satellite down-link should be continued and extended to other wavelengths
in the millimeter region. The study of neoise, modulatiuvn products and long
term reliability are important.

3. It is important to extend the technology of ion implantation to GaAs.
Epitaxial growth and ion implantation have been successfully used for double-
drift silicon IMPATT development at 60 GHz, achieving 725 nW at 6% efficiency.

With the achievement of the goals of the above topics, IMPATT devices will
allow solid state technology to have an important impact on millimeter wave
satellite communications. The continued extension of these sources (oscillators
and amplifiers alike) to even shorter wavelenghts (A ~ 1 mm) will pérmit the
exploitation of high data rate, very high frequency satellite-~to-satellite
links, Recent laboratory demonstration of 30 mW at 225 GHz by Hughes under
AFAL support indicates that programs to achieve maximum power at these frequen-
cles can be important.

In the next section, power combining techniques are briefly discussed
as a solid state means for achieving the higher powers required for transmission

in the millimeter wavelength region.

Solid State Power Combining Techniques

The needed capability of moderate power ( 5 - 10 W) and broad bandwidth

(5 - 10%Z of operational frequency) at 60 GHz and above can potentially be acquired
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by the use of solid state power combining techniques. Such schumes can pro-
vide compact transmitters for communications transceivers in the 40 GHz - 100
GHz bands, In turn, the power combiner technology can be considered desirable

relative to tube devices due to

Projected longer lifes;

Increased reliability;
Lower cost and capability to be compatible with MIC techniques;

Smaller prime power needs;

oW e

. Reduced size and weight.

The power combining techniques employing IMPATT diodes have been demon-
stratec¢ in several schemes. IMPATT diodes have been combined in push-pull
manner to increase power of single amplifier stage at the chip level. Hughes
has demonstrated a relatively wideband combiner (10%) at 60 GHz utilizing
hybrid couplers to avoid bandwidth limitations imposed by circulators. This
appears to be the only appreoach suitable for integration.

At lower frequencies, series, parallel and push-pull schemes have been
investigated for chip level power combining schemes. The push-pull technique
is considered to have the greatest potential, yielding greater RF impedance at
lower bias voltages and thereby facilitating combination of several diodes.

At X~band, with the use of cavities, power combining has resulted in a 12 W cw
output with a 3 dB gain and 4% bandwidth. For systems with amplifiers cas-
caded, ferrite circulators limit the bandwidth, and this presents severe prob-

lems for high frequency applications.

Tunnel Diode Amplifiers

Tunnel diode amplifiers (TDA's) have been considered as low frequency de-
vices, but recent investigations have demonstrated their applicability at
wavelengths as short as 3 mm., The convenience of use of these amplifiers con-
tributes to their excellent properties for communications, which includes low
AM to PM conversion, very low gain ripple phase nonlinearity and high gain-
bandwidth product. The TDA's have definite performance and cost advantages

over paramps although paramps exhibit a lower noise figure.
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Experimental TDA's have been operated at 30 GHz by Hughes and in the
range of 55 — 85 GHz by BTL. The ultimate goal is the development of reliable,
low cost TDA's at 50 GHz for communications. The 30 GHz TDA of Hughes had
bandwidth of 2.5 GHz and an 8 dB NF while the device of BTL, reported in 1961,
had a NF > 10 dB. The higher frequency applications will require development
of diodes with a resistive cut-off frequency of 90 GHz or greater. Aerotech
Industries has reported new structure and fabrication techniques for milli-
meter wave tunnel diodes with a cut-off frequency of 90 GHz. The structure
produces a low stress, mechanically rugged device.

The TDA has been used in several satellite-borne receivers, however, GaAs
FET amplifiers have replaced TDA's at frequencies below 8 GHz, and the trend
will continue as the performance of GaAs GET amplifiers improve. Watkins-
Johnson currently can supply GaAs FET amplifiers to 12 GHz. The TDA will be a
strong candidate for space and ground use in the 18 - 30 GHz communication
band if suitable diodes are developed. The TDA has an advantage in gain stabili-
ty and bandwidth, and 30 GHz would have a size, weight and cost advantage over
a paramp which in turn would have the better noise figure,

In order to achieve the indicated ecapability at millimeter wavelengths,
R&D efforts on TDA's should include an effort to affect an imcrease in the
resistive cutoff of the diodes and continued activities to achieve new and im-
proved structures and fabrication techniques, as indicated by Aertech.

Solid state sources are seen as being significant devices for millimeter
wave communications systems, and some of the important aspects of these de-

vices are listed in Table 8.23.

8.6.1.2 Vacuum Tube Sources

The conventional radiation sources in the millimeter wavelength region
have been vacuum tube devices. In early millimeter wave investigations,
signals were generated by nonlinear harmonic generators. The originating
gignal source at the lower frequency was a reflex klystron or, in some cases,
a magnetron., Extension of tube technology has resulted in a variety of
oscillators and amplifiers. Development of tube sources has been sporadic

depending upon varlous planned applications. Funding has most often been
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TABLE 8.23

MILLIMETER WAVE TECHNOT.OGY

Item: Solid State Sources

Types: Impatt Oscillators
Gunn Oscillators
Impatt Amplifiers
Gunn Amplifiers

Tunnel Diode

Function: Provide Power Sources for mm Wave Communications Systems;
Local Oscillators for Receivers;
Amplifier Pump Sources;

Amplifiers for Transmitted and Received Signals

Advantages: Compact, Efficient Sources;
Excelient Lifetimes;
Potential Low Noise;

Reduced Size, Weight and Cost of RF Sections Used in mm
Systems of Future;

Potential High Power and Religbility in Power Combining
Techniques;

Compatible with Integrated mm Circuitry

Current 3tate of Development:

1. 5i IMPATT Oscillators with Power Combining Techniques Have Produced
5 - 10 Watts at 43 GHz (Hughes/AFAL for Satellite-Aircraft Communi-
cations)

2. S§i IMPATTS with Power Combining Techniques Have Produced in Excess
of 1 Watt (Hughes/AFAL for Satellite-Satellite Communications)

3. Si IMPATTS Have Served as Sources up to 170 GHz (Hughes/AFAL for
Mixer and Pump Applications)

4, IMPATTS Above 100 GHz are Double Drift Region Diodes, Have Improved v
Packaging, New Waveguid Circuitry but Low Efficiency (1 - 2%Z):
Drop in Power is Believed Caused by Parasitic Lead Inductance of
Present Package
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TABLE 8.23 (Cont.)

MILLIMETER WAVE TECHWOLOGY

Current State of Development {Cont.):

5. Current Work on Indium Phosphide by Varian and Uughes is Conducted
to Provide Improved Materials for Higher Freguencies and for
Higher Efficiencies and Higher Power

6. TIMPATT Oscillators Have Been Phase Locked for Stability Improvement
7. Excellent Lifetimes for Gunn Oscillators and Impatt Diodes
8. Pulsed Gunn Oscillators Have Been Demonstrated

9. Power Combining of TMPATT Sources Has Demonstrated Both Higher
Power and Improved Reliability

10, Accelerated Life Testing has Demonstrated MTTF For Si IMPATT Diodes
of 2.5 x 106 Hrs. at 200°C

11. IMPATT Diode Amplifiers Have Been Demonstrated to Operate up to 94
GHz

12. Both IMPATT Sources and Oscillators Have Been Integrated Inot mm
Circuitry at 60 GHz

Required Technology:

Continued Improvement in Lifetimes;

Increased Power Outpul;

Improved Materials, e.g. Gasds and InP;

Continued Development o~f Double Drift Region Diodes;

Improved Material Processing Techniques, e.g. Ion Implantation;

Higher Frequency Sources for Amplifier Pumps and Transmitters.

Expected R&D:
1. Improvement of Materials (ECOM; Varian/Hughes)

2. Lowering of Cost of GaAs Diodes (Hughes)

3. Extension to Higher Frequency (Hughes/AFAL)

4. Greater Stability, Reliability of IMPATTS (Hughes)

5. Bandwidth and Power Output Improvements (Hughes/AFAL)

6 Integration into mm Circuits (BSTL.; ECOM; Hughes; AFAL)
7

. Extend TDA's to Hijsher Frequencies
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dependent upon DOD requirements., With the advent of solid state sources,
vacuum tube technology has not always received the attention that is required.
Despite these deterrents, a slow but steady development has occurred.

Millimeter wave low level tube oscillators include backward wave os-
cillators (BWOs) and reflex klystrons. Reflex klystron oscillators have been
employed in various airborne applications under adverse emvironmental conditions.
Tuning ranges of several GHz with power outputs on the order of 100 mW are
available in the millimeter spectral region. (Extended interaction klystrons
provide tens of watts of power at a few percent tunable bandwidth in these
frequency ranges.) The BWO is used to provide tens of milliwatts of power
into the hundreds of gigahertz region.

Several choices of millimeter wave power amplifiers are available for
both ground stations and the satellite. The traveling wave tube (TWT) is
inherently a broadhand high gain amplifier for the microwave and millimeter
wave regions. As such, it has found wide application in communication systems.
TWTs have been used in communications satellites and ground stations for over
ten years. These tubes are especially constructed and tested to ensure re-
liability. As a result, these space TWIs are experiencing lifetimes near
100,000 hours.

Classified programs are in progress to develor space qualified millimeter
wave tubes, Several 60 GHz tubes have already been delivered. 1t should be
emphasized that space qualified millimeter wave tubes are quite expensive,
especially if a tube at the desired frequency range has not been previously
constructad, It is expected that access to these classified programs would be
obtained on any ensuing communications work. Data on these new tubes should
be particularly useful in assessing the potential for the required amplifiers.
Key parameters are average and peak power outputs, gain, bandwidth, anul
efficiency. NASA is currently pursuing programs to develop highly efficient
TWTs at frequencies into the millimeter wave region. For example, multi-
stage depressed collector operation is expected to yield tubes with up to 50

percent efficiency at 40 GHz. Single stage depressed collector operation is

used on the 60 GHz tubes discussed above., Hence, TWIs will likely be used as final
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power amplifiers in satellite communications at millimeter wavelengths. It
should be noted that low-noise low-power TWTs have also been widely used in
the microwave region as driver amplifiers. For the higher power final ampli-~
fier, IMPATTs will probably be competitive with TWTs.

The tube amplifiers and oseillators are important to the success of milli-
meter wave communications. Despite the attractive features of solid state
sources, applications requiring high transmitter power must employ tube sources.

The demands of millimeter wave communication systems impose requicements
on transmitter and amplifier devices:

1. TFor ground station applications, increased power is needed for higher
frequencies., In addition, tube efficiencies wmust be improved. In the case of
amplifiers, increased bandwidth, uniformity of gain and constant phase across
the band are needed.

2. Spacecraft applications have the same requirements but in addition
must achieve these features with reduction in size and power consumption with
greater efficiency.

3. Direct broadcast millimeter wave systems are potential applications,
and will need significantly greater power possible only with tube sources.

The developﬁent of tube technaiogy has resulted in the following advances:

1. Varian Associates has been able to extend the frequency of reflex
klystrons to 220 GHz with approximately 10 mW output at the high frequency.
These tubes are relatively stable and are readily phase~locked to harmonics of
frequency standards. As loecal oscillators, they are adequate for ground
stations but will be replaced by solid state LO's, when available, in satellite
systems. These klystrons need further improvements in lifetimes and require
high input powers associated with their low efficiencies.

2. Hughes has constructed TWT's at 31 GHz, 38 GHz and 55 GHz. The source
at 55 GHz is a solenoid focused TWT amplifier with an output in the 5 - 7 kW
range, but is a narrow band tube. Currently, TWT amplifiers are in the design
stages at 40 GHz (100/200 W) and at 80 GHz (200 W) for satellite communications
applications.

3. Varian has developed Extended Interaction Oscillators {ETI0) which are

available from 30 GHz to 280 GHz in both pulsed and CW modes. rorty different
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tube types exist with a peak output power of 20 kW at 95 GHz and 1 kW (cw) at
35 GHz. These devices have advantage over BWO's in that they require fewer
supplies and their frequency output is less sensitive to high voltage changes.

4. Watkins-Johnson has produced a BWO with approximately 10 mW at
50 GHz which are much smaller than carcinotrons and have recorded lifetimes of
104 hours. They are, however, high voltage tubes. The CSF (France) carcino-
trons are available to 800 GHz and are large, high voltage tubes. The power
output varies greatly as a function of frequency. Russian carcinotrons have
been developed to provide a complete line of sources to approximately 400
Glz.

5. Recent developments in relativistic electron beams {(REB's) offer the
promise of high power, efficient, tunable sources throughout the spectrum
to wavelengths as short as approximately 100 pm. NRL is the lead lab in the
United States., While REB technology is in its preliminary development
stages, these devices are capable of providing exceedingly high power for
ground-based transmitters. Size presents a problem for satellite~borne
gsystems. Pulsed operation requires increased pulse repetition rates over
existing devices, but rates up to a few kHz will be possible. Pulsed giga-
watts of power are projected for wavelengths into the submillimeter region. In
the case of cw sources, the Russians have developed high power tubes, known as
gyrotrons, which have been demomstrated to yield 10 kW at 2.78 mm and 1 kW at
0.95 mm. Projected cw powers for these sources are 100 kW at 3 mm and 10 kW
at 1 mm. The cw sources offer the greatest potential for communications appli-
cations. No information is currently available on the stability or mono-
chromaticity of the gyrotrons. In the United States, Varian is funded by LERDA and
RADC to construct gyrotrons in the wavelength region from approximately 1.25 cm
to 2.5 mm.

6. Optically pumped lasers, discussed briefly in subsection 6.8 on the sub-
millimeter wavelength region, are available at wavelengths as long as approxi-
mately 2 mm. The characteristics of these devices are treated later, but for
the millimeter region they can be considered as low noise but inefficient,
low power sources. Few sources with suitable power exist above 100 GHz, and,
in many cases, the efficiency of the sources are low. Table 8.24 presents a
list of conventional sources taken from the open literature. This list in-

cludes several tubes which have been constructed or which are currently under
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TABLE 8.24

CONVENTICNAL MM AND SUBMM SOURCES

Power Efficiency
SOURCE TYPE f{GH=z) Qutput (W) (%) REMARKS
1. WJ3-282 Klystron 35.5 103 14 Watkins-Johnson CW, TFixed
Frequency; Oscillator
2. WI-206 Klystxon 35 lD3 10 Watkins~Johnson CW,
Amplifiesry (10-13 dB)
3. 1984 Klystron 92-95.5 3x103 - Bughes 0.0003 duty cycle;
oscillator
4. 197H Klystron 93-95 104 — Hughes; Oscillator; 0.0003
duty cycle
5. (QKH-1563 Magnetron 32-35 65x103Peak 24 Raytheon; 0.1-1 ps pulse
width duty cycle=0.001
6. BLM-0764 Magnetron 34-36 102 9 Varian; 0.25 ps pulse widch;
duty cycle = 0.0005
7. SFD-319 Magnetrom 34,5-35.2  10° 17 Varian; 0.05 ps pulse width;
duty eycle = 0.0005
8. EL-246 Marnceron 68.0-71.3 8x103 6.3 Varjian; pulse width = 0.25 s
duty cycle = 0.000535
9. BL-246A  Magnetron 68.0-71.5 lD4 7.9 Varian pulse width = 0.25 us
duty cycle = 0,00035
10, BL-221 Magnetron 69-7G.5 104 7.9 Varian pulse width = 0.3 ps
duty cycle = 0.001
11 BL~234C Magnetron £9.5-71.5 0.4};103 6.1 Varian pulse width = 0.25 us
duty cycle = 0.001
12. DX~423 Magnetron 95.33 8x103 4.5 Amperex pulse width = 0.05 us
duty cycle = 0.002
13. VMS-1043 Magnetron 34-35 45x103 20 Varian frequency-agile;

pulse width = 1.0 us
duty cycle = 0.001
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TABLE 8.24 (Cont.)

Power Efficiency
SOQURCE TYPE £(GHz) Output (J) (%) REMAPRKS
14. 841 H TWT 31.4-31.8 10° — Hughes Max duty cycle = cW
Amplifier Gain = 50 dB
15. VKGQ- Extended 35 103 10 Varian duty cycle = 0.001
2416A Interaction pulse duration = 0.5 us
Oscillator
16. VKE- Extendad 50-75 3.04 10 Varian duty cycle = 0.001
24124 Interaction sulse duration = 1 us max
Oscillator
17. Extended 94.0 8x103 7.9 Varian proposed tube
Intceraction duty cycle = 0.001
Oscillator pulse duration = 1.0 us
18. VKT~ Extended 140 1 0.21 Varian proposed tube
241141 Interaction
Oscillator
19, 8194 TWT 54.5-55.5 7x103‘ - Hughes Max duty - CW
Amplifier Gain = 20 dB
20. 826HG  TWT 93-95 103 — flughes max duty = 0.001
Amplifier gain = 30 dB
21, VRY Extendad 280 + 15 1 - Varian proposed tube; CW
2432EL Interaction
Oscillator
22. VRY Extended 280 + 15 10 - Varian proposed tube;
243081 Iateraction duty cycle = 0.1 max pulse
Oscillator length = 1 ms
23. C010.1 B 275-310 1 ~— CSF;CW mode
24, TUbitron  Undulating 55 150x103 b GE 250 W average
fcam
Inceraction
25. 50M10 Magnetron 50 20x103 13 OKI duty cycle = 0.00025
pulse width = 0.25 usec
& a ~
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TABLE 8.24 (Cont.)

Power Efficiency
SOURCE TYPE f(Ghz) Queput (W) (%) REMARKS
26, 184H BWO 135-150 2 —_— Hughes CW Oscillator
27. 813H TWT 135-150 30 - Hughes Amplifier

12 dB8 gain




development. The list does mot include all sources which exist in the milli-
meter-submillimeter wavelength region. Table 8.25 briefly summarizes some of
the tube requirements and current developments.

In summary, for millimeter wave oscillators both solid state and tube
devices must be evaluated. TFor low-noise low-power drivers, Gunn amplifiers
would be leading contenders with IMPATTs and TWTs also a possibility. Tor
the higher power final amplifier, IMPATTs and TW1s will probably be more

appropriate.
TABLE 8.25
MILLIMETER WAVE TUBE DEVELOPMENT
Types: Both Amplifiers and Transmitter Oscillators
Requirements: For Ground Station Applications, Increased Power at

Higher Frequencies; Improved Efficiency; Increased
Bandwidth Capabilities: Constant Phase Across Band.

For Spacecraft Applications, Same Requirements as
Above With Reduction in Size; Reduced Power Consump-—
tion; Greater Efficiency.

If Direect Broadcast Millimeter Wave Systems are to
be a Reality =~ Significantly Greater Power is Needed.

Current Status: 1. Several Tubes Have Been Developed Through the
Years for Various Specific Applications

2. Reflex Klystrons Available to 200 GHz; Power From
200 nW to Approximately 10 mW; Poor Lifetimes; High
Input Power. MFG: Varian.

3. Carcinottrons Available to Approximately 800 GHz;
Large, High Voltage Tubes; 1 Watt Available to 300
GHz. MFG: CSF of France.

4. BWO With Approximately 10 mW at 50 GHz Much
Smaller Than Curcinotrons; Lifetimes of 10,000 Hrs.
Recorded; High Voltage Tubes. MFG: Watkins—Johnson,

5. Russian Tubes: Complete Line of Carcinotrons to
Approximately 400 GHz; High Power Tubes (Syrotrons
With Superconducting Magnets) —— 10 kW at 2.78 mm and
1 kW at 0.95 mm, Both CW.
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Current Status:

TABLE 8.25 (Count.)

MILLIMETER WAVE TUBE DEVELOPMENT

6. Interaction Oscillators (EIQ) are Available From
30 GHz to 280 GHz, Both Pulsed and CW; Peak Output
Power of 20 kW at 95 GHz and 1 kW (CW) at 35 GHz Have
Been Achieved; Family of 40 Different Tube Types Exist;
Approximately 200 EIO's Have Been Sold; Requires Fewer
Supplies Than BWO's and its Output Frequency is Less
Sensitivity to High Voltage Changes. W™I'G: Varian.

7. Solencid Focused TWT Amplifier 5 - 7 kW at 55 GHz;
Narrow Band Tube. MFG: Hughes (Malibu).

8. TWT Amplifiers in Design Stages at 40 GHz (100/200
W) and at 80 GHz (200 W) for NASA-Lewis. MFG: Hughes
{Torrence).

9, TWI's Constructed for Navy (38 GHz) and
Army (31 GHz). WMFG: Hughes.
10. Several Magnetrons Available to 94 GHz

11. Research on Relativistic Electron Beams at
Several Labs

12. Optically Pumped Laser to 2 mm
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8.6.1.2 Receiver Components

Millimeter wave receivers are possibly the most important elements of
a milimeter wave satellite communications system, for they determine the
sensitivity of the system, setting the requirements on transmitter power.

The millimeter wavelength region has always been of interest for scientific
investigations so that receiver development has had an impetus from radiome-
try of the environment and radic astronomy in addition to communications
applications. Developments which are currently being made in receiver tech-
nology can make millimeter devices competitive with the technology of the
centimeter wavelength region.

In discussing millimeter wave receiver technology, it is necessary to
survey mixers, local oscillators and the configurations employed in apply-
ing the local oscillator to the mixer, associated receiver components and
the IF characteristics of the systems which have been assembled.

Because of its importance for communications in the millimeter wave-
length region, the overall performance of the receiver system has been investi-
gated in detail for frequencies up to 100 GHz. Scientific requirements and
other interests have stimulated receiver investigations at wavelengths into
the submillimeter region.

Development of components continues to be a necessity. While many signi-
ficant advances in the state-of-the-art of low noise receiver techmnology have
been made, it is necessary to focus on both the current and projected state-of-
the-art millimeter wave "front—end" noise performance.

The most general high-sensitivity receiver front-end is of the heterodyne
type in which one or both RF-input sidebands are translated, via a single
down—-conversion, into a single IF band. 1In the majority of receiving system
applications, including communicarions, discrete information bearing signals
in one input sideband must be received and processed unambiguously with re-
spect to extraneous signals in the other. The use of a double~sideband re-

ceiver for single-sideband reception results in 3 3 dB degradation in sensitiv-

ity.




Therefore, in order to maximize receiver sensitivity in single-sideband
front ends, a high degree of rejection is presented to the unwanted sideband
by the selectivity of the RF preamplifier, by the presence of a 'preselector"
bandpass filter preceding the mixer, and/or by the use of a mixer configuration
with inherent image-rejection properties. In turn, for millimeter applicaticns,
waveguide component losses can be high so that it is extremely important in
most system applications to minimize the input circuit losses in functional
components such as duplexers, limiters, switches, filters, etc.

In the case of bandpass filters preceding the mixer for rejection of an
unwanted sideband, difficulty is experienced at millimeter wavelengths as a
result of the high losses which are caused by conventional band-pass filter
techniques employed at centimeter wavelengths. Current millimeter wave tech-
niques are resorting to other filter methods such as those offered by quasi-
optical techniques. Both JPL and Georgia Tech are investigating quasi-optical
schemes., At Georgia Tech, Fabry-Perot interferometers are being tested as a
technique for sideband rejection. Problems in this scheme are concerned with
reduction of insertion lesses and achieving of the proper interferometer
finesse to achieve a high degree of rejection.

A variety of approaches to low-noise millimeter-wave reception has
evolved in recent years. The approaches have included the utilization of low-
noise RF preamplifier mechanisms, low-noise mixer-IF amplifier configurations,
and cooling of the front-end package to significantly reduce its internal am-
bient temperature. The thermal noise power available from a given dissipative
element is proportional to the physical temperature of that element so that
the noise performance of thermal noise-limited front-end components can be
improved significantly by cooling. This is particularly true of parametric
amplifiers and converters; and, to a lesser degree, it applies to Schottky
barrier mixer diodes.

The relative merits of the various front-ends must be studied for the

millimeter wave region. Tigure 8.13 shows the receiver front—end noise per-

formance as a functicon of input signal frequency.
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For the low noise RF preamplifiers in the millimeter region, three ampli-
fiers merit consideration: traveling wave maser amplifiers, parametric
amplifiers and converters, and traveling wave tube amplifiers. The traveling
wave maser represents the ultimate in virtually noise-free reception at
frequencies as high as 50 GHz. Structures are currently under Investigation
to extend the traveling wave maser technology to 120 GHz. The costliness
and complexity of the maser structure have, however, resulted in its replace-
ment by the parametric amplifier in most ultra-—low-noise receiver applications.

The parametric amplification mechanism whiech is applicable to the short
wavelength millimeter wave systems is the circulator-coupled, negative-resis-
tance parametric amplifier. In this device, negative resistance, generated at
the signal frequency (fs) provides unlimited reflection amplification, subject
to gain-bandwidth constraints. Two paramp configurations are possible: the
nondegenerate (single-sideband) with pump frequency fp + 2fS and the degenerate
(double-sideband) with fs = fp/Z. These paramps have been utilized to 60 GHz
and are feasible to 100 Ghz. Under Air Force Avionics Lab sponsorship, 94 GHz
nondegenerate paramps are being developed by LNR Communications. In turn,
IMPATT oscillator development for the Air Force is extending the operating
wavelength to 180 GHz so that degemerate operation of paramps can be utilized
at frequencies to 90 GHz. Cryogenic considerations, pump source stability and
reliability, and compactness of the paramps are all factors which must be
analyzed for the millimeter wave communications systems. As materials and
techniques improve, noise temperature of the various devices will decrease.
Figure 8.1l4, taken from a recent report, "NASA Task Team Report un satellite
Communications," dated December 1975, shows a forecast of noise temperatures
of front-end devices. Maser devices, while providing the best noise tempera-
tures, are relatively narrow band and require cryogenic cooling. Among the
uncooled devices, the forecast for the year 2000 does not show a great im-
provement with an uncooled paramp over a mixer-IF combination. The projection
of FET's also presents an interestng potential, These devices are currently
available to approximately 12 GHz.

In the area of mixer-IF amplifiers, Schottky barrier mixer diode tech-

nology has led to the evolution of moderately low-noise Schottky barrier




T T T T i L) T T T
WHAT Wikl 8
(FOR 1975 ARD FOR 2000
1000 ¢~
o 7/
o
9
&
100 = -
¥
i
o
)
=
& A
[
=
=
bl
] ”
[ -
1 ) I PR | 1 1 1
1} 0 0 M 0 0

FREOUENCY, GHE

Figure 8.14. Device Noise Temperature Forecast.

174




mixer~IF amplifier front ends. These configurations are competitive with
various RF preamps for single-(and double-) sideband reception, particularly
in the millimeter wave region up to 100 GHz. High quality diodes and IF
amplifiers are available commercially, and receivers employing these
elements have been flown in satellite experiments {e.g., the Nimbus NEMS and
S5CAMS designs). Investigations at Georgia Tech are concerned with extending
low-noise receivers and Schottky barrier diode technology to 300 GHz. Tech-
niques for employing balanced mixers, for implementation of matched-image
mixers for single-sideband reception,the use of still higher quality, lower
parasitic content Schottky diodes, the realization of improved circuit tech-
niques and the advantages of cryogenic cooling are being evaluated during that
program,

With the concentration of efforts which have been made in mirer develop-
ment, several significant points can be made on the status of mixer technology:

1, Satisfactory waveguide mixers are available commercially to
frequencies as high as 100 GHz. Most devices use Schottky barrier diodes in
Sharpless wafer mounts. Double sideband NF ~7dB are available. Hughes employs
81 Schottky barrier diodes. These are usually available in IF frequencies
from 10 MHz to greater than 2 GHz with instantaneous RF bandwidths on the
order of 2 GHz (at 1 dB points).

2. Very broadband waveguide mixers have been developed in the 40 - 60
GHz region by WELC.

3. Spacekom has employed a unique balanced mixer configuration with
Schottky barrier diodes up to 70 GHz. These units, employing beam lead diodes,
have NF = 5.5 - 6 dB with 20 -~ 25 dB image rejection. While beam lead
Schottky-barrier diodes are being produced, efforts to use these elements in
a Spacekom mixer at 118 CGHz have thus far been unsuccessful. The design
offered in this mixer configuratioen is extremely interesting from the view-
point of single side-band cperation, since other schemes, e.g. Fabry-Perot
interferometers, thus far have higher losses than desired and present a more
complex configuration than the mixer along presents.

4. Tunable mixers are available commercially inthe 50 - 60 GHz range with
NF ~ 7 dB,.
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5. Excellent receiver development work has been performed by Wrixon of
Cork, Ireland and Schneider of Bell Laboratory up to 230.GHz. Total receiver
noise figures of 13 dB at 230 GHz and 8 dB at 170 GHz have been achieved.
Fundamental mixing at 170 GHz and harmonic mixing at 230 GHz were employed.
At JPL, the use of quasi-optical mixer configurations have resulted in the
reporting of NF ~ 8 dB from 118 GHz through 184 GHz. The quasi-optical
mixer design has been indicated as having the same sensitivity to frequencies
ag high as 225 GHz.

6., Schottky barrier diodes have been developed at Lincoln Laboratory
for use up to 60 GHz, and these have been employed for harmonic mixing
against optically pumped lasers inm the submillimeter wavelength region.

7. GaAs Schottky barrier diocde fabrication and receiver development is
currently being performed at Georgia Tech for the spectral region from 100 GHz
to 300 GHz for NASA-Goddard.

8. A super-Schottky barrier diodes has been used at Aerospace for
X~-band, but efforts have not as yet been successfully used in the millimeter
wavelength region. This device consists of a superconducting lead "whisker"
in contact with a GaAs Schottky barrier diode. It is projected that, if the
technology can be extended to approximately 100 GHz, it would result in a
NF = 0.5 dB for the mixer, a 1 dB receiver NF with a bandwidth of 1 GHz.

9. The techniques of stripline receivers have been developed.up to
230 GHz by Schneider of Bell Labs, and appear to offer excellent coupling of
the IF signal from the diode to the IF pre-amp.

10. Cooling to nitrogen temperatures of GaAs Schottky barrier diodes
has been demonstrated by Kerr of Goddard Ianstitute and Mattauch of NRAO.
Noise figure improvement has resulted from this effort. These researchers,
in collaboration with JPL, have been developing excellent Schottky barrier
mixXers.,

In addition to the development work on mixer technology, investigations
of receiver front-ends have been progressing in the millimeter region. Since
gsize is an important factor for satellite communications systems, dielectric
guide receiver research of IITRI, Hughes and Bell Labs is important., A 60

GHz dielectric guide transceiver with NF = 10.6 dB has been demonstrated by
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Hughes. Schneider at Bell Labs has constructed a 60 GHz receiver, pumped at
1/4 of the L. 0. frequency yielding a 5.2 dB conversion loss with NF = 7 dB.

The areas related tec millimeter receivers which require continued R&D
efforts include the following:

1. Lower cost, compact receivers to include both small discrete ele-
ments and integrated diclectric components. An eventual monolithic system
is desirable for satellite devices. Bize, weight and cost will be important
in satellite systems.

2. Broadband, up to v 10 GHz, receivers in the 40 -~ 100 GHz region for
satellite communications.

3. Paramp improvements in both lower noise and higher frequency opera-
tion should be continued. High frequency pump source work, currently being
pursued, is important for high frequency degenerate paramp development.

While paramps have been developed at frequencies as high as 94 GHz,
the performance can be improved by the availability of better pump sources.
Needed are stable, high power solid state sources c¢o avoid the use of kly-
strons which are short~lived, large, expensive and require high primary power.
An exploratory development program, conducted by AIL for AFAL, has had the
objective of providing sources suitable for use as a paramp pump up to 300
GHz. They have been able to achieve frequency tripling from 100 to 300 GHz
with an output of 2.1 mW and an efficiency of 1.4 percent. TFrequency
doublers from 100 to 200 GHz with an output power of 16.5 mW at 6% efficiency
and 10.2 oW at 11.4% efficiency have been developed. A 200 GHz quasi-optical
doubler was used as a pump source for an experimental degenerate paramp.

4, The advances made in balanced mixer technology will, when fully
developed, provide a major contribution to single side-band operation in the
millimeter wavelength region. This technology is significant, not only for
communication receiver systems but for high frequency radiometery of the
atmosphere.

5. Cooled mixer devices with low conversion loss for very low noise
applications should be developed. A caution to observe in this area, however,
is the additionai weight and power consumption imposed on sztellite-borne

communications systems by the cryogenic apparatus. The use in ground stations
should be fully expected.
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6. Local oscillators are demanded for millimeter wave systems. TIn
order to avoid the poor noise figures imposed by harmonic mixing techniques,
low noise solid state L.0.'s are required for fundamental mixing at all
wavelengths to be used for communications systems. Phase stabilization of
these sources must also be established.

7. The developments made at JPL in the area of quasi-optical technology
are very important for receiver developments. Limitations imposed by con—
ventional waveguide techniques have made L.0. injection to the mixer a
difficult and high loss task. The quasi-optical schemes can provide the
methods for single sideband receiver operations, low loss injection of the
L.0. to the mixer and local oscillator noise filtering. The quasi-optical
technique for local oscillator injection will prove superior to directional
couplers, ring couplers and coupling cavity techniques.

8. Beam lead technology can provide a very stable diode and must be
extended into the milliemter wave region. These devices are available
through 60 GHz but should be developed to ﬁhe region of 100 GHz. Parasitic
capacitance will unlikely be a deterrent to their use above 100 GHz.

9. As high frequencies above 100 GHz are employed, open structure mixer
configurations can be an advantage for receiver systems. Some such devices
have been built in the past, but not with Schottky barrier diodes nor with
the design considerations required.

Table 8.26 presents a summary of mixer considerations.

TABLE 8.206

MILLIMETER WAVE TECHNOLOGY

Ttem: Receiver Mixers

Types: Schottky Barrier Diodes

Silicon or Gallium Arsenide
Function: Low Noise High Sensitivity Receiver Mixer

Advantages: Improved Noise Figures
Most Sensitive mm Wave Room Temperature Mixers

Radily Integrated into Millimeter Systems
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TABLE 8.26 (Cont.)
A
MILLIMETER WAVE TECHNOLOGY
;4 Expected R&D:
f Extension of Mixer Technology to Higher Frequenciés for
Radiometry Applications (NASA-Goddard/Ga. Tech; JPL/Univ. Va.)}
A ]
: Improved Local Oscillator Power at Fundamental Frequency (Ga.
Tech, Cork, NASA-Goddard)
Continued Fabrication Improvements (BTL, Lincoln Lab, GIC)
® Cryogenic Investigations (Univ. Va., JPL)
Configuration Development (Ga. Tech, NASA-Goddard)
Current State of Development:
1. GaAs Schottky Barrier Diodes Employed at 230 GHz Receiver with
Overall Noise Figure of 13 dB (BTL)
2. Operated at 170 GHz with Noise Figure of 8.2 dB (BTL)
v 3. GaAs Diode Materials Developed and Available From Several
Sources - BTL, Sperry, TRG, Ga. Tech-EES, Lincoln Lab,
: University of Virginia, Aerospace, Baytron, Cork
fu 4, Improved Operation up to 94 GHz with Cryogenic Cooling (Univer-
L sity of Virginia)
j 5. Super-Schottky Diodes Demonstrated to x-Band (Aerospace)
: 6. Improved IF Coupling and Matching by Strip Line Techniques (BIL,
f Cork)
£ 7. Employed as Direct Mixers zund Harmonic Mixers (BTL, Lincoln Lab)
i 8. Silicon Diodes at Frequencies up to 100 GHz (Hughes)
% 9. UWNoise Figures Approximately 5 dB up to 94 GHz
-g Required Technology:
g Improved Mixer Configurations
i
s

Improved LO Coupling Schemes at Higher Frequencies

More Rugged Structures — Protection Against Shock and Transients
Development of Strip Linme Structures

Improved Materials Fabrication

Balanced Mixer Configurations
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8.6.1.3 Waveguide Components

Several cowpanies manufacture millimeter wave components with components
available to 100 GHz. Custom made components can now be provided in con-
ventional waveguide configurations throughout most of the millimeter wave-
length region. Above 100 GHz, there are companies that can provide conven-
tional components to approximately 300 GHz. The losses encountered in fun-
damental mode guide at these higher frequencies can become prohibitive so
that oversize guile or quasi-optic schemes must be employed.

There are currently problems in components which must be solved in
the frequency range from 30-100 GHz for improvement of communications
systems. These components include circulators and isolators. A few brief

comments are given on some of these components.

a, Millimeter Wave Circulators

Millimeter wave ferrite circulators are available at frequencies
up to approximately 140 GHz, but as indicated previously are limited in
bandwidth. This limitation is highly undesirable in millimeter wave
communication systems, for which broad band operation is one of the greates*®
advantages., Improvement in amplifier bandwidths will in turn result with
increased circulator bandwidths. In the region of 50-100 GHz, bandwidths
on the order of 4 GHz with 20 dB isolation and up to 0.5 dB have been achieved.
Increased bandwidths to at least 5 GHz are needed for wideband 60 GH=z
IMPATT reflection amplifiers. In order to achieve broader bandwidths and
improved isolation, new materials with higher magnetization or higher
saturation level will be needed. In addition, materials capable of handling
the increasing power of millimeter wave sources are areas of investigation.
In turn, with increased bandwidth and isolation, it is necessary to maintain
a low insertion loss.

b. Isolators .

The problems encountered in millimeter wave circulators are also
encountered in millimetexr wave ferrite isolators. Both bandwidth and inser-
tion loss are critical. Hughes has been able to achieve 30 dB isolation in
thz 95 GHz region but these devices have high insertion losses on the order
of 1 dB. The problems could be removed by research on materials with higher

saturation moment.

REPRODUCIBILITY OF THE
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e. A complete line of miscellaneous waveguide components must be developed.
1. Phase Shifters — need low loss and low cost phase shifters
for millimeter wave phased arrays; ferrite phase shifters not practical
above 50 GHz; Pin diode phase shifters for dielectric guides need lower
insertion loss, better matching to waveguide; electro-optic type phase-shifters
should be investigated; for frequencies above 100 GHz, quasi-optical
techniques should be developed.

2. Conformal voltage - scamned arrays for millimeter frequencies
are being explored by Ball Research Corporation. These antennas have
functioned up to 16 GHz and are projected as possible devices for the 35-40
GHz spectral region. They are sheered with micro-strip phase shifters which
should be develoﬁed so that a variable permittivity or variable permeability
substrate can be used in the antenna feed system. The major requirement is
in the microstrip phasor development. Ferrite, semiconductor and electro-
optic msy2rials should be investigated.

3. Wavemeters are currently available to 325 GHz, one model by
Baytron being a direct digital read-out system. The low Q of the resonators
which are currently employed presents a poor response. The best response
of a wavemeter is obtained from a small confocal Fabry-Perot interferometer
which can be packaged as small as the conventional meter. The high Q of
Fabry-Perot resonators can in turn be employed as stalo cavities for
source stabilization.

4. Oversize waveguide components and quasi-optical techniques
should he investiéated more fully as components for higher frequency. As
higher powers are employed at the higher frequencies, iarger waveguides
must be used. In the case of the projected use of very high power relativistic
beam sources, pressurized quasi-optical components are currently being
considered for future applications.

5. 8ignal Switching and Routing - For certain types of services,
it may be desirable to configure systems which switch between various
channels or antenna beams. In addition, instead of a single high power
amplifiar as discussed in previous paragraphs, it may be desirable, or
necessary, to utilize an array of low power amplifiers for the final

power amplifier. Such an array would require a feed network to distribute
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the drive signal. This network might utilize an N channel corporate
divider, a series of 3 dB hybrids, a series feed with progressively increased
coupling ports, or some other approach.

Components which are available for switching and controlling millimeter
wave signals in the millimeter wavelength region include PIN diode switches,
ferrite isolators, diode modulators, variable phase shifters, and couplers.
Critical parameters include bandwidth, insertion loss, reliability, phase
errors, VSWR, temperature dependence, and cost. The need and availability
of suitable components of this type will depend, of course, on the system
configuration.

Other signal routing schemes are available in addition to switching
the entire RF signal. Channel dropping filters are currently being used
by the Bell Telephone System at millimeter frequencies. A few hundred
megahertz of bandwidth can be removed from a 50 to 60 GHz signal with
relatively low loss and low cross talk. Such a technique might be applicable
to the proposed effort. Still another scheme would involve translating the
millimeter signal down to a baseband signal and then filtering and switching
at these lower frequencies. This is the more likely approach for the ground

based transmitting station.

8.6.1.4 Millimeter Wave Antennas

Millimeter antennas have the distinct advantage over microwave
antennas of producing higher gains and narrower beamwidths for the same
size aperturé. These and other considerations can be exploited in systems
applications. These benefits are obtained, however, only if proportionately
increased tolerance and rigidity are maintained in the antenma. Usually
a Af16 to a A/32 rms surface tolerance must be maintained on a reflector
surface for proper performance. This translates into a 0.1 to 0.2 mm rms
error at 3 mm. Maintaining these tolerances in a thermal vacuum environ-
ment with adequate strength and without excessive weight requires careful

selection of materials and careful mechanical design. The structural

design of the antenna system is also governed by such factors as accelerations,

thermal stability, vibrations, materials compatibility, shock, and cost.
This subsection briefly considers some of the technical tradeoffs
which must be considered for antenna components for the millimeter wavelength

region. The selection of an antemna type requires a consideration of a
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number of factors, some of which are included in Table 8.27 other important
factors to be stressed in this survey that relate to both satellite and
ground applications include antenna configuration, lightweight construction
techniques and multiple-beam techniques.

(1) Antenna Configuration

Both single and double reflector antennas have been used at
millimeter frequencies. The double reflector antenna (Cassegrain, for
example) has the advantage of having its center of mass near the main
reflector which simplifies pointing the antenna. In addition it permits
the receiver front end to be conveniently mounted near the feed, thus
minimizing losses. A major disadvantage of a double reflector is the extra
mechanical problem of accurately maintaining the position of the subreflector.
Other reflector tradeoff considerations are listed in Table 8.28.

4 number of alternatives to a reflector antenna are available at
millimeter frequencies. These include lens-~horn combinations, corrugated
horns such as the scalar feed, slotted arrays, and phased arrays. The beam-
width, beam shape, bandw;dth, sidelébe level, beam scan capabilities, weight

and losses of each of these types are different.

(2) Lightweight Construction Techniques
It is also vitally important in designing the antenmna that the

propet tradeoff of performance versus weight be made. To this end,
consideration must be given to the use of lightweight construction techniques
such as the use of aluminum, beryllium or hOneygomb structures. In addition,
graphite fiber reinforced plastic as well as fiber-glass lay-up techniques .
must be examined for the primary reflector. These materials possess very
high strength-to-weight ratios. Various mesh reflector designs can be
considered for millimeter applications. Table 8—59 shows spacecraft
antenna thermal distortion data and the types of materials which can be
considered for satellite antennas, while Table 8-30 summarizes the charac-
teristics of some graphite epoxy antennas which have been fabricated.

The technique of placing a stressed-skin covering over a rib or
stringer structure is a well-known method for obtaining lightweight, rigid
antenna components. A structure of this type 6perating at 95 GHz was

designed, fabricated, and tested in a recent Georgia Tech program for Applied
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TABLE 8.27
ANTENNA DESIGN PARAMETERS

Signal Platform Antenna Tracking Hardware Other
Duty facztor Stability Beam shape Acquisition State-of-art Packaging
technique in rf com-
Modulation Attitude Beamwidth ponents Environment
Lrror slope
Intensity Motion rates Cain Mechanical Simplicity
. Ambiguity components
_ S5idelobe level
Dynarmic Range Positioning . Reliability
Electrical
modes Null depth 22§iziii;ection components
T £ el / Quality
ype of element : . assurance
feed Accurac Receiver
y sensitivity

Element number
Element spacinj.
Scan sector

Bandwidth

S/H ratio

Signal processing

Target spacing

Human factor




‘TABLE 8,28

REFLECTOR TRADEOFF CONSIDERATIONS

Reflector Aspects

Tradeoff Considerations

Aperture illumination

Reflector type

Feed geometry

13

Feed network

Angle tracker aspects

Gain

Sidelobe level
Reamshape
Beamwidth
Bandwidth

Weight

Shape. Tolerance
Slew rates

Transmitter/receiver location

Polarization performance
Square or round
I1lumination

Cost of fabrication

Size and blockage
RF losses

Complexity

Multihorn
Quadridged
Reflector F/D ratio
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TABLE £.29

SPACECRAFT ANTENNA THERMAL DISTORTION DATA FOR AN
8 FOOT DIAMETER REFLECTOR

Temperature Weight Solar—-Induced Effects
Coefficient (1b.)
of. Dish, Sub-
Expansion Reflector Max.
Material & Used in & Struts Edge Beam Gain Difference
Fabrication Analysis Including Defl. Squint ‘Loss Boresight#®#
Technique (in/in/°F) Paint {inches) (degrees) {dB)=* {degrees)
0.010" 0.92 x 10—6 27.24 0.008 0.0075 0.14 £ 0.01
Craphite-epoxy skins
on 3/4" aluminum
honeycomb
0.10" Ianvar skins Varies 62.99 0.015 0.013 0.40 < 0.01
on 3/4" Aluminum with
honeycomb Temperature ﬁ
0.7-1.2x10-5
1/16" Solid 6.5 x 1070 35.87 0.043 0.088 3.96 < 0.01
Beryllium Shell

*
Ac 60 GHz
BT

Divergence between main beam peak and tracking pattern null




TABLE 8.30

SUMMARY OF SEVERAL KNOWN GRAPHITE EPOXY ANTENNAS
RECENTLY FABRICATED (SOURCE: JPL)

Number Surface
Made Construction Dia, Tol. Application
2 laminated 72" .0025 R&AD*
1 honeycomb 60" 004 R&EAD
1 laminated 96" .002 R&AD
1 honeycomb 96" <.010 R&AD
6 honeycomb 58" <.010 Viking
1 honeycomb 144" in fab. Mar-Jup-Sat
3 honeycomb 48" .003 R&AD
2 honeycomb 108" L0045 R&AD
1 honeycomb 72" .001 Satellite(?)

TWO WEIGHT VALUES BAVE BEEN QUOTED
(1) Several 58" reflectors with spars and subreflector weigh = 12 lbs.

{(2) An 80 cm reflector (with unknown supports) weighs = 4 1bs.

*
Research and Advanced Development
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Physics Laboratory. The approach combines the advantages of a high section
modulus (related to stiffness) with low weight.

Reflecting surfaces or other components for large antennas sometimes
employ panels formed by sandwich construction techniques. These panels con-
sist of either metal or fiberglass skins top and bottom separated by a shear-
carrying material, usually a honeycomb or rigid foam core. These panels are
designed to maintain their curvature without additional support.

Where figures of revolution are involved, metal spinning is the fabri-
cation technique usually employed. Such reflectors may also be fabricated
of fiberglass with the reflecting surface consisting of a fine wire mesh
stretched over the mold, or a metal-sprayed surface applied directly to
the mold. These latter techniques, however, have often displayed limited
service life. Once the curvature has been obtained, both fiberpglass and
metal skins require reinforcement to mainrain their shape, unless a sandwich
construction is employed.

(3) Multiple-Beam Antennas

The need for adaptive multibeam antenna systems has already
been established by a number of investigations. Multiple beam antennas are
becoming a necessity for proposed operational satellite systems. Multiple
beam antennas must be used when the communication link musc be pointed at
a number of diffevent points in space., This is especially true for the
satellite if it must relay information between ceveral ground stations that
are widely separated. If more than one satellite is involved, similar capa-
bility might be necessary for the ground statioms.

Multiple antenna beams can be generated either by using one aperture or
through the use of several apertures. Considerable savings in volume and
weight ecan often be realized by using a single aperture which can take the
form of either a complete phased array, a small array feeding a collimating
device, or a number of neparate feeds in conjunction with a collimating
device. The antenna designs will vary depending on the operational function
of the system. By use of a parametric tradeoff study, the antenna type for
a given mission can be determined.

{a) Phased Arrays
The phased array offers the greatest flexibility in
th number of beams and beam shapes that can be obtained as well as in the

rapidiiy in changing from one beam configuration to another. A large number
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of design considerations must be taken into account in selecting the method
of implementing a phased array. The selection of element spacing, type of
spacing {e.g., rectanpular, triangular, or hexagonal) and whether the array
is thinned or not determines the allowable scan sector, the presence and
level of grating lobes, the number of elements required and the complexity
of the beam forming and beam steering computer. Element thinning can reduce
the number of active elements in the array by as much as 50 percent, as was
done in HAPIDAR.

Series and corporate feeding is used to achieve a relatively compact
structure. Phase shifter losses are usually cumulative for a series feed
but are not for the corporate one. A spare fed array can be used if room
is available to simplify the RF distribution network. Transmission type
and reflection type lenses can both be used for a space fed array. However,
the feed for the reflection type array must be offset to reduce aperture
blockage and the structure does not package as nicely as the transmission
type of lens for many applications since the exit aperture and feed must
be on the same side of the lens.

Multiple beams can be obtained from an array by rapidly switching ome
beam to a number of different positions using the phase shifters of a
totally phase steered array or by utilizing some type of interconnection
matrix to simultaneously obtain a number of beams. The penalty that must be
paid for the flexibility of a totally phase steered phased array is quite
high. Cost, size, and weight are usually all high for a completely phase
steered array. To reduce these factors, techniques are used such as com-
bination of phase~frequency scanning, instead of pure phase scanning. Alter-
nate approaches to multiple beam performance exist.

(b} Beam Switching
Beam switching as a means of beam agility might be a useful
alternate to a phased array. For example, multiple beams can be simul-
taneously generated in space by using a cluster of feeds along the focal
locus of a collimating device such as a lens or a reflector. Using an
electronic switching network (instead of phase shifters) the beam cam be
switched to any one of a number of beam positions (to maximize the signal),

thus avoiding the complexity of the electronic equipment associated with

the adaptive technique.
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(¢) Multi~frequency Operation

Simultaneous operation at more than one £frequency from a
single aperture can be achieved in a number of ways, including: interlacing
of several arrays, each operating at a different frequency, into one
aperture; utilization of wideband elements; and through use of different
elements, separated physically, each operating at a different frequency.
To illustrate the first approach, Provencher has reported the results of
an interlaced array operating at L, S and C bands simultaneously. Ridged
horns and orthogonal polarization were used to achieve a compact structure
with low cross coupling between bands. However, a substantial amount of
work needs to be done to improve the sidelobe performance of this type of
array.

If the individual elements in the array or the subarrays can be made
broadband enough, one array can be used to handle more than one frequency
rather than having to interleave arrays. Certainly corrugated horns can be
‘built which can operate over an octave bandwidth, and fhey can be dual polarized.
In addition, corrugated horns possess high beam efficiency, low sidelobes
and equal beamwidths in all planes. Using cascaded mode couplers, single
horns have been made to operate at 4, 6, and 7 GHz and at &4, 6, and 11 GHz
with separate outputs for each frequency. Concentric coaxial cables can
also be combined to permit multifrequency operation from a single feed.

Still another approach for providing multifrequency operation is through
use of a separate feed at each frequency with the feeds physically separated.
The practicality of this particular approach depends on the specific appli-
cation for which it might be considered. I1f the beams do not have to look
at the same spot on the earth at the same time, a mechanically rotated feed
system might provide adequate coverage. A five frequency radiometer system
has been built around this concept using a multi-spoke feed and a parabolic
torus reflector. If a fan beam is required, beam squint can be avoided
by using a parabolic cylinder and stacking the feeds of different frequency
one ahove the other along the focal axis of the reflector.

{d) Polarization Effects
For systems employing frequency reuse with orthogonal

polarizations to increase channel capacity, the bandwidth and polarization
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isolation of antenna feed components such asg orthomode tranmsducers, polarizers,
and waveguide become extremely critical. These components have to be designed
to minimize cross-polarization effects.

Table 8.31 briefly summarizes some of the antenmna considerations.

TABLE 8.31
MILLIMETER WAVE TECHNOLOGY

ITEM: Millimeter Wave Antennas
TYPE: Satellite-Borne Lightweight
FUNCIIO1: Antennas Required for 35 GHz, 40 GHz, 80 GHz, and above 100 GHz

ADVANTAGES : Lightweight small temperature coefficient of expansion
Relatively low solar—induced effects

Tolerances adequate for millimeter wave antennas

CURRENT STATE OF DEVELOPMENT:

1. Antennas fabrication from fiber epoxy composite materials on aluminum

honeycomb (see tables).

REQUIRED TECHNOLOGY:

1. Extend fabrication to higher frequency antennas.
2. Lower fabrication costs.

3. Space environment testing,

EXPECTED R&D:

1. Development of mm antennas (NASA/Goddard).
2, Space environment exposure (LDEF).
3. Design of antennas for particular applications - multiple-beam

antennas; broadcasting systems beamswitching; multiple frequency

operation.
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8.6.1.5 Millimeter Wave Integrated Circuits

The potential miniature size, low loss, and low cost of the newly
developed class of active millimeter wave integrated circuits in dielectric
waveguide configurations may be of benefit to satellite communication systems
in the millimeter regiom. While solid state millimeter wave devices have
developed rapidly into components in recent years, the cost of waveguide
circuit components is relatively high, partly due to the close tolerances
required at millimeter wavelengths. The rectangular dielectric waveguide,
on the other hand, can be used for effective low loss millimeter wave trans-
mission. In turn, it is possible to integrate active devices into the
dielectric guide. The new devices offer low loss and low cost active milli-
meter wave integrated circuits capable of performance comparable to those of
the conventional waveguide circuits.

The status of millimeter wave integrated circuits is such that:

1. Hughes and Bell Telephone Laboratories have demonstrated
source integration and Hughes has developed a millimeter wave exciter/
modulator at 60 GHz.

2. Microstrip and MIC components have been demonstrated in the willi-
meter wavelength region. Bell Laboratories has been able to reduce losses
in microstrip systems. Above 60 GHz, microstrip puides become small and
have severe ohmic losses. '

3. Low cost and small size are important for satellite communications.

4, Dielectric guides, because of small losses, will be the MIC above
60 GHz, must become more reliable and be available for lower costs. Cost
data will become available as production volume increases.

5. Matching techniques must be improved to lower losses. A major
problem is in interfacing MIC's into a system. TFor the longer millimeter
wavelength region (8-10 mm) the microstrip circuits have an advantage over
dielectric guide systems and are much less dispersivé than dielectric guides.

6. The MIC technology must be extended to materials other than silicon,
e.g., GaAs, and must result in the development of monclithic systems.

7. Current research related to communications needs includes launchers,
mixers, circulators and filters for K,—band and filters, combiners and
dividers to 80 GHz.. MIC mixers and up/down converters have been developed to 60

GHz.
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8. Tor MIC's in the 90-100 GHz region, dielectric waveguide configura-
tions must be studied. Loss per wavelength of alumina microstrips relative
to that of alumina dielectric waveguides is about 17:1 at 90 GHz. Alternate
approaches are considered to be fin line techniques above 100 GHz and
trapped inverted microstrip (TIM) lines up to 70 GHz. In general, dielectric
waveguide will be larger than microstrip, thereby facilitating easier fabrica-
tion and handling.

9. Dielectric waveguide work has thus far been narrow-band; because
of the high Q nature of the medium, the dielectric waveguide may likely
be restricted to relatively narrow-band applications.

The field of integrated circuits locks promising from the viewpoint
of future millimeter wave communications. Considerable development is needed
before the technology can be utilized. However, extensive contributions
are currently being made, and it has been possible here to discuss only a
few of the advances which are being made. Table 8-32 summarizes some of

the effects of interest.

8,6.1.6 Millimeter Wave Components Above 100 GHz

The satellite communications applications above 100 GHz can utilize the
windows at 150 GHz and 230 GHz for satellite-to-ground links, and the H20
absorption line at 183.3 GHz or the 118 GHz 02 absorption line for propagation
above the atmosphere. As spectral crowding becomes a problem at longer milli-
meter wavelengths or higher data rates become a necessity, the spectral region
above 100 GHz will be developing as a potential satellite communications area.
Several of the technologies, sources, receivers, solid state devices, have
been discussed in previous sections, and developments in the spectral region
above 100 GHz will be an extension of the technology developed at longer wave-
lengths. In the case of solid state devices, new materials and new concepts
will have to be developed. Sources in the form of BWOs (carcinotroms), Extended
Interaction Oscillators, klystrons and REBs will provide transmitter power.
Local oscillators, RF amplifiers and modulators must have continued development
of existing devices. The lack of use of lowest mode waveguide, due to its high
losses, will result in the use of quasi-optical techniques. As receiver de-
velopment currently being pursued at JPL, Bell Labs, Goddard Space Institute,
Cork and Georgia Tech continues, it is expected that system sensitivities will

approach those of lower frequencies.
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TABLE 8.32

MILLIMETER WAVE TECHNOLOGY

Ttem: Integrated Millimeter Circuits - g

Types: Dielectric Waveguide
Strip Guide
Microstrip

Function: Receiver Front-Ends
Exciter~Modulators
Power Combining Units

Receiver/Transmitter Subsystems

. Advantages: Reduces Size, Weight and Costs
) Avoids Mechanical Discontinuities of Waveguide Components

Low Loss
Low Voltage Requirements
Applicable From mm to IR Wavelengths
Reliability
Readily Scaled to Higher Frequencies
Provides Means for Satellite-Borne Multichanmel Systems

Can Employ Existing MIC Technology

Current State of Development:

Demonstrated Source Integration (BTL, Hughes)
. Developed mm Wave Exciter/Mecdulator (Hughes/AFAL)
Basic Components Demonstrated (ECOM, ITT, Hughes)

Developed Techniques for Silicon Planar Strip Guide Approach (Hughes)

vk W N =

. Reduced Losses inMicrostrip Conductoer Patterns and Coupling
Structure (BTL)
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TABLE 8.32 (Cont.)

MILLIMETER WAVE TECHNOLOGY

Required Téchnology:

Extend to Materials Other Than 8i, e.g. GaAs

.

» Extend to Higher Frequencies
Develap Monolithic Systems

Develop High Quality, Large Quantity Production Techniques

»

Improved Matching to Antennas, etc.

S o Lo N e

« Multi-System Techniques for one Substrate

Expected R&D: BTL, AFAL ECOM, Hughes, ITT

l. Experiments in Progress to Develop an Effective Means of Coupling
to Planar Strip Guiding Structure Both from Wave Guide and Discrete
Devices

2. Developmeint of Complete Monolithic System

3. Inclusion of More Components into Circuits

8.6.1.7 Millimeter Wave Modulators and Demodulators

As available bandwidth increases, as would be the case for operation at
millimeter wavelengths, more emphasis will be placed on high speed modulation
and demodulation. To a large extent, the technology required for modulation
and demodulation will depend on the concept that is applied for channel urili-
zation. TFor example,-Time Division Multiple Access (TOMA), Frequency Division
Multiple Access (FDMA), and Code Division Multiple Access (CDMA) each intro-
duces unique modulation and demodulation requirements. Modulation and demodu-
lation will be especially critical for such applications as digital TV and

high speed data communications. Unique modulation and demodulation require-
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ments which may develop as a result of millimeter wave operation mist be
assessed for each individual system. Recent integrated circuit modulators
have been constructed by Hughes for the 60 GHz region and have demonstrated a

capability for modulation bandwidths in excess of 1 GHz.

{1) Modulation Techniques
With regard to modulation concepts, it is possible to consider m-ary

PSK, differential PSK, FM, and PM as viable modulation concepts. Two and
four-phase PSK have proven particularly advantageous for satellite communi~
cations systems developed to this point. Particular emphasis will be placed
»n multiplex technelogy and ﬁhe modulation concepts which could be applied.

As a minimum, FDMA, TDMA, and CDMA and various combinations of these multi~
plexing techniques have to be considered. Particular attention must be paid
to techniques which are compatible with projected services. For example,
TDMA, because of theproblem of synchronization, may not prove to be viable

with a large number of multiple users.

(2) High-Speed Processors
Emphasis will have to be placed on high speed real time processors

which are likely to be required as the bandwidth increases for future milli-
meter wave systems. Such digital operations as optimum destection, encoding
and decoding, and data buffering may require processing rates beyond the
current state—of-the-art. Of course, it may also be the case that in the
event of Frequency Division Multiple Access, the processor speed required for
each channel may be well within the current technology.

Of particular interest are recent developments in the areas of ultra-
high~speed digital LSI, charge coupled devices (CCDs), surface acoustic
wave (SAW) devices, and microwave LST devices. These various signal pro-~
cessing device technologies may be of significant benefit to the high data
rate signal processors likely to be required in shifting to the millimeter
wavelength region. These microminiaturized component technologies will likely
lead to significant reductions ins size, weight, complexity, power, and cost
so that increased use of on-board processing could be considered for future

satellites. In particular, advances in these signal processing technologies
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combined with advances in solid state phased array technology and microwave
integrated circuits could lead to reduced'camplexity and higher reliability
for on~board electronically steered miltiple heam antennas, A brief dis-
cussion of potentlal satellite applications of these sigrnal processing com-
ponents follows.

Thirty~two bits of correlation can now ke realized on one low power LSI
chip with clock rates greater tham 150 MHz. These chips are cascadable for
longer word lengths. Potential advantages in communication systems include
reduced acquisition times and increased channel capacity in TDMA systems as
well as reduced complexity in beam formation/steering processors. 1In additionm,
the internally matched microwave transistor bas led to the development of
microwave (up to 5 GHz) LSI devices which could significantly reduce the size
and weight of phased array veceiver and transmitter components.

Charge coupled devices could reduce the complexity of satellite analog
signal processing circuitry through their inherent elimination of analog-to-
digital converters. CCDs also offer tremendous advantages in size, weight,
cost, and power dissipation in digital processing applications. Clock fre-
quencies of 135 MHz have been reported in laboratory devices and up to 1 GHz
rates have been postulated for future devices. Potential communication appli-
cations include low power, small size memories; beam forming/steering pro-
cessors; and high speed, low power data buffers and shift registers.

Surface acoustic wave (SAW} devices can offer significant size and weight
advantages in communication equipment. Nondispersive long delay lines,
bandpass filters, and programmable PSK correlators are a few of the SAW de-
vices which could benefit millimeter wave communication systems. The pro-
grammable SAW correlator (tapped delay line) can offer flexibility, fast pro-
gramming speed, and low cost, size and weight in processing PSK signals, in-
cluding pseudo-noise (PN), and could be advantageous in satellite systems

having multiple users with a variety of identification codes.
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8§.6.1.8 Submillimeter Wave Technology

The submillimeter wavelength region is potentially a spectral region
which is a compromise between the millimeter and optical region, capable of
wide~bandwidth transmission and having less stringent acquistion, pointing
and tracking requirements than the optical region. Because of its high atmos-
pheric attenuation, satellite~-to-satellite or aircraft communications will be
the most appropriate submillimeter application. A brief description of the
potential use of the 1 mm to 10 um region is given in Subsection 8.6.4 so that
only a few comments are given here on components.

Sources have always been lacking in this spectral region. Hoﬁever, re-
cent developments in lasers, both direct discharge and optically pumped have
made it possible to consider their use as both transmitters and loecal os—~
cillators. Efficiency improvements are necessary for these devices, as is
smaller size of the lasers. Relativistic electron beam devices appear as the
highest power and greatest efficiency (v407% predicted). Stability and size of
these sources must be studied. No solid state sources exist so that entirely
new concepts must be innovated to yield small, low power solid state devices
for this spectral region. '

Devices must be developed for the region:

a. Schottky barrier mixers and superheterodyne receivers are advancing
and currently can be used over a large part of the spectrum.

b. Saturation absorption amplifiers and optically pumped laser ampli-
fiers must be developed.

c. Quasi-optical devices will be employed throughout the spectrum. Al-
though no dielectric waveguide devices exist in this region, such technology
should be developed.

d. Modulators have received little consideration in this region, and
nonlinear optical methods must be fully explored.

The spectral region can provide a very large band for communications.

The impetus given by source and detector development should stimulate a de-

velopment of ccmponents which will be required for systems applications.
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8.6.2 Millimeter Wave Atmospheric Effects

The role of the atmosphere in satellite-to-earth propagation links is a
significant one, for which a large number of measurements and considerable
theoretical investigations have been performed. Despite this a2ccumulation of
information, the planning of millimeter wave communication systems requires
continuing atmospheric investigations and extension of observations to shorter
wavelengths,

Figure 8.15 illustrates the effects of the atmosphere on electromagnetic
propagation from centimeter wavelengths into the visible spectrum. The curves
show horizontal atteruation by clear air (oxygen and water vapor absorptiom),
by condensed water vapor (fog and clouds) and by precipitation (rain). Models
have been formulated to account for excess propagation introduced by precipi-
tation and that introduced by fog conditions. The effects of clouds and fog
at shorter wavelengths are seen to be extremely detrimental to propagation.
The stronger atmospheric absorption due to molecular constitutents alsc con-
fines communications to applications involving aircraft and satellites.

The transmission qualities of the atmosphere are a function of several
parameters of the atmosphere. Of particular interest are the characteristics
during inclement weather, j.e., railn, fog, haze and clouds.~ The water vapor
absorption in the atmosphere is the major attenuator in the wavelength region
from approximately 15 um into the microwave regiom.

At longer millimeter wavelengths, the oxygen molecule plays a prominent
role in determining the position of transmission windows. 1In the region of 60
GHz, the attenuation, shown in Figure 8.16, is very strong and provides a
spectral region applicable for covert communications. The zenith attenuation,
shown in Figure 8.16 is extremely high with peaks of several of the O2 lines
at high altitudes affording additional attenuation. Because of these relatively
narrow peak attenuations, communication from aircraft to satellites is limited
in bandwidth to less than 80 MHz. It is seen from Figure 8.16 that the magnitude
of the 0, zenith attenuation is such that detection om the gfound of 60 GHz
communications between aircraft or satellites is virtually impossible. As a

function of altitude, shown in Figure 8.17, the attenuation decreases signifi-

cantly so that, at very high altitudes, propagation at frequencies between the
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individual lines of the 02 complex suffers very little attenuation. To cal-
culate the total attenuation from a particular altitude to a satellite, use

can be made of curves such as that given in Figure 8,18 in which the abscissa

is the lower altitude and the ordinate is the attenuation from this lower al-
titude up through the remaining atmosphere. In turn, the attenuation from
ground to a given altitude can be determined for these 02 curves by taking the
difference of the attenuations for the altitude h and that for h = 0. Excellent
treatment of atmospheric 02 has been performed by Liebe [2]] who has presented
detailed data important for propagation applications.

In addition to its complex of lines at 60 GHz, O2 has a strong individual
transition at 118 GHz. In the atmosphere, these lines are superimposed on the
water vapor liues with the resulting millimeter wave absorption shown in
Figure 8.19 This figure presents the average atmospheric abscrption of the
millimeter wavelength in dB/km for sea level and ﬁlkm altitude. Curve A at
sea level is the long wavelength end, with 02 inecluded, of the absorption
curves for the atmospheric H20.

For computational purposes, the clear weather atmospheric attemuation has
been presented in several forms, which in general are consistent but, for need
of further experimental data, variatioms in detail can be noted.

The total attenuation for one way transmission through the atmosphere
is given in Figure 8.20. At the lower frequency end of the graph, the attenu-
ation as a function of the angle from zenith is given. With oxygen included,
the total absorption for one way transmission through the atmosphere at various
millimeter region frequencies is given in Figure 8.21 as a functlon of elevationm
angle.

The importance of the atmosphere is seen from the propagation link equation:

(8-1)
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It

where PR power received
P = transmitter power

G_ = transmittrer antenmna gain
GR = receiver antenna gain

¢ = clear air attenuation

R = transmitter/receiver range

LR = rain loss

LP = pointing losses

LPol = polarization losses.
For P, = < BKT (8-2)
R N R
C . . .
where N carrier-to-noise ratio
B = receiver bandwidth
k - Boltzmann's constant

and TR = receiver temperature, the link {e.g. down link} equation takes the
form (in dB)

Py + G + (G = Tp) = Lpg ~ Ly ~Lp — Ip

- B + 228.6 - C/N =10 (8-3)

1]

where (PS + Gs) satellite EIRP

(GR - TR) = FEarth station G/T
L..=e zoR free space loss
FS 2
R
and 228.6 = Boltzmann's constant.
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The atmospheric effects are evident in Equation (8-3). The factor LFS in-

cludes the clear air attenuation while the loss factor LR should include not
only losses due to raim but also that resulting from clouds and fog.

In addition to the clear atmospheric absorption discussed above, other
characteristics must be considered as causing attepuation or degradation of the
propagated signal, Among these parameters are clouds and fog, rainfall and
hail, refraction, reflection and secattering, polarization rotation and decorrela-
tion effects.

Precipitation, haze and fog have deleterious effects on propagation in the
millimeter and submillimeter wavelength regions. Rain attenuation presemnts
one of the most perplexing problems encountered in the design and operation of
millimeter wave propagation systems. Recent interest in millimeter and sub-
millimeter applications has resulted in both experimental and theoretical inves-—
tigations. Radiometry and satellite propagation studies have yielded direct
measurement of attenuation for A > 1 em[24]. Observations are being made to
acquire long term statistics at a number of frequencies in the millimeter region

and at different locations.

The attenuation due to a distribution of spherical raindrops is

A(dB/km) = 4.343 d/r N(a) Q(a, Ada

where N(a)da is the number of drops per cubic meter with radii between a and
a + da(em), and Q{a,A) is the attenuation cross section (mz) of a single
spherical drop of radius a(cm) at wavelength A(cm).

The relationship between raindrop size and rainfall rate was investigated
emp.rically by Laws and Parsons [25] and later distribuitions were developed by
Marshall and Palmer [26]. They showed that drop size distribution measurements

can be represented by the relation
N(a) = N(o)e 1@

where N(o) = value at zero radius and A = 82 RqO'Zl where R is the rainfall

rate, in mm/hr.
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Medhurst applicd measured drop terminal velocities and measured Laws and
Parsons drop size distribution to calculate the attenuation coefficient for 2
to 100 GHz. '

Gunn and East [27] have proposed an exponential expression relating

attenuation and rainfall rate,

A(dB/km) = aRB

where ¢ and B are frequency dependent constants, and R as above is the rain-
fall rate (mm/hr). This expression has shown reasonably good agreement with
measured values over short terrestrial paths.

The probability of cccurrence of a given attenuation level, or more pre-
cisely, the probability that the attenuation has equalled or exceeded a given
level, is extremely important for the design of systems where rain attenuation

plays a significant part. A knowledge of this factor provides the basis for

. the power margin requirements for the link or conversely will indicate the ex-

pected outage time for a given link margin.

An important aspect of satellite communications is the need for spatial
diversity. Only a limited amount of diversity gain data exists for milli-
meter wavelength earth space propagation paths [28]. The diversity gain is
defined as the difference between the path attenuations associated with the
single terminal and diversity modes of operation for a given percentage time.
The diversity gain is a functjon of the single terminal fade depth as well
as the terminal separation distance.

In the case of attenuation due to absorption and scattering by hydro-

meteors, several extensive calculations have been carried out. TFigure §.22

.shows the variation of attenuation in dB/km with frequency for various rain-

fall rates, as determined by Setzeri2%9]. The only significant difference
among the results of the various authors occurs in the calculation of attenu-
ation for low rainfall rates, on the order of 0.25 mm/hr. At frequencies
approaching, or greater than, 100 GHz, depending on the rain intensity, the
rate of increase of specific attenuation with frequency levels off and, at

even higher frequencies, the attenuation declines. Measurements made at
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110 and 890 GHz [30] show general agreement with these predictions, but,
probably owing to inadequate particle size distribution measurements, the
attenuation at 890 GHz was found to exceed that at 100 GHz by a factor of
1.25.

Detailed calculations of attenuation due to fog have been made by Ryde
and Ryde[31] , and some of these results appear in Strom's report [32]. 1In
particular, Figure B-7 of Strom's report is important for fog of various
visibilities and cloud attenuation. The Appendices of Reference 12 treat
several propagation parameters and show the need which must be filled at
shorter millimeter wavelengths.

The transmission through clouds, similar to fog, has also been investi-
gated. Figure 3.23 shows the absorption by ice clouds from a Raleigh approxi-
mation. The effects of ice clouds are relatively small until wavelengths of
approximately 300 um are reached. Waterclouds, on the other hand, show con-
siderably more absorption, as indicated in Figure 8.24 but at millimeter wave-
lengths, transmission is far greater than it is in the infrared. The scattering
and extinction coefficients for low lying stratus clouds have been calculated
and are shown in Figure B.25.

The importance of the atmospheric effects on millimeter wave communications
requires continued investigations in all windows of the spectrum. Of particu-
lar importance are:

1. Determination of the cumulative probability distribution function
{per unit of time abscissa is exceeded) with attenuation as the abscissa
independent variable. The zttenuation statistics are based on actual propa-
gation data from specific geographical locations. Analyses must be made of
past and current data and attenuation due to the weather class designations must
be determined., The information obtained provides the probability demsity
funetions of carrier attenuation for specific intervals of time and weather con-
ditions.

2. Attenuation due to the components, rain, clouds, etec. must be docu-

mented in detail.
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3. One of the important techniques is the use of space diversity which
will increase the probability of maintaining communications from a satellite
to a pair of terminals on the ground. It is important that spatial diversity
be established, i.e. the required number and spacing ol ground terminals, for
all geographical locations within the United States. Storm cell characteris-
tics must be known in addition to design requirements such as reliability,
fade margin, wavelength, range of zenith angle and available power.

4. The atmospheric characteristics must be determined for all window
regions up to 150 ‘Hz in order to provide data for future planning of milli-
meter wave communications systems.

The atmospheric effects of importance to millimeter wave communications

are sumarized in Table 8.33.
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a Item:

Type:

Functions:

Advantage:

TABLE 8.33

MILLIMETER WAVE TECHNOLOGY

Millimeter Wave Atmospheric Transmission Studies

Satellite-~to-Ground Transmission
Ground-Based Solar Radicmetric Measurements

Propagation in the Presence of Hydrometeors

Provide Data on Communication Paths Through the Atmosphere in

Clear and Inclement Weather

Provides Propagation Information in Transmission Windows on the
Millimeter Wavelength Region; Data on Spatial Diversity:

Allows Prediction of Cumulative Attenuation for Various Localities;
Provides Means for Comparing Propagation in the Millimeter Wave-
length Region with Data at Other Wavelengths; Provides Data at
Millimeter Wavelengths for Propagation Through Clouds

Current State of Development:

g 1. GSIFC Millimeter Wave Expeviment (ATS~6) Provides First Available Data

Above 15 GHz for Satellite~to—-Ground Measurements

2. Sun-Tracking Experiments to 94 GHz (BTIL)

3. Radiometric Measurements to 300 GHz (Univ. Texas, Appleton, Aerospace,

w00 o~ Ovon b

ADTEC, etc.)

Russian Investigations to Approximately 400 GHz

. Laboratory Experimeu%s (Martin-Marietta, NBS, OT, Texas)
Cumulative Attenuation Measurements and Predictions

. Detailed Calculations have been Performed-

. Dimer and Flucturation Measurements (Appleton)

Spatial Diversity Measurements have been Performed (Aerospace)
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TABLE 8.33 (Cont.)

MILLIMETER WAVE TECHNOLOGY

Required Technology:

1.

2.

Radiometric Observations in Atmospheric Windows of the Millimeter Wave-
length Region

Propagation Measurements (Similar to ATS-6) as High as 94 GHz in
Frequency

Adequate Meteorological Measur :ments Simultaneously with Propagation
Measurements

Prediction of Geographical and Seasonal Model Atmospheres

Accurate Attenuation Calculations and Measurements in Millimeter Trans-
mission Windows

Detailed Fluctuation Measurements

Comparative Fropagation Studies (with Other Wavelength Regions)
Propagation Parsmeters of Interest -

Attenuation, Depolarization, Site Diversity, Bandwidth Coherence,
Scintiilations, Prediction Techniques, Refractive Effects, Statistical

Properties of Rain, Multiple Scattering Effects

Planned R&D;

1.

Radiometric Observations in the Windows at 140 GHz apd 230 GHz (Ga. Tech,
NASA-Goddard)

Attenuation Measurements at 94 GHz (Ga. Tech, NASA-Goddard)

Fluctuation Measurements {Appleton)

Propagation Measurements at 300 GHz (MICOM, Ga. Tech)

lLaboratory Studies - Simulated Atmospheric Conditions 40-140 GHz (oT)
Continuing Radiometry and Propagation Programs - Univ. Texas, NOAA,

AEROSPACE, NASA-Goddard, MIT, JPL, BTL
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8.6.3 Millimeter Wave Communications Systems Concepts

The need to extend the spectrum to alleviate overcrowding and to trans-

fer large amounts of information is recognized as an important requirement

i for millimeter vave communications. The spectral regicn provides the means for

communications from satellite-to-satellite and to various ground terminals.

R

For example, a spacecraft-to-spacesraft communications link would provide an
increased service area for each user ground terminal. There are many areas
of the world which would benefit from a spacecraft-to-spacecraft link to
communicate with areas not serviced by a single satellite. In Section 13.1,
? an example of a satellite~to-ground 40 GHz millimeter wave communication
system is discussed. A number of millimeter communications systems can be
postulated based on the projected requirements of future users. This section
briefly discusses some of these systems which should be evaluated in future

work.

a. One of the most important applications of millimeter wave (and Optical)

i communications systems will be in wide-baund data relay links. With the large
number of environmental monitoring low orbiting satellites which are envisioned
for the future, millimeter/optical systems can play an important role. Milli-

meter waves can be employed for any of the following sectioms of a total link:

1. Low-orbiting satellite-to-synchronous satellite;

i 2. Synchronous satellite-to-synchronous satellite;

i 3. Synchronous satellite-to-ground.

% The millimeter wave system can constitute part or all of a total link.

i The synchronous-te-synchronous link could consist of a 60 GHz system, avoiding
interference with terrestrial applications. Communications from the orbiting
vehicle to the synchronous satellite is less critical for the longer wavelength
of millimeter communications than for the optical wavelengths. In addition to
the data relay satellites for environmental monitoring, the large amounts of
data which will continue to be accumulated and processed in the areas of com-
puter data transfer and management, and financial data communications will
eventually be handled by millimeter wave systems.

b. A requirement of high priority is the need of mobile communications.

Communications capability for mobile terminals is severely limited at present.
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The large number of mobile vehicles (vessels, aircraft, land mobile vehicles)
which are currently used and predicted for future use requires a high quali-
ty, reliable communications technology. A conservative estimate sets the
number of land mobile transmitters in the U. S. to exceed 7 million by 1980,
A compact, inexpensive millimeter receiver, transmitter system from earth to
satellite and return would provide a real time system on a global basis.
Development of advanced technigues for multiple access by large numbers of
small terminals and millimeter equipment for low-cost mobile terminals is
required for this application.

c. The use of millimeter waves for broadcast services is a concept which
must be fully explored in the future. With the development of high power
sources and antenna techniques, the possibility of broadecasting from satellites
to a single time zone or more than one is a desirable millimeter wave appli-
cation. Multiple beam antenna technology will permit the broadcasting to chosen
areas without radio interference effects is promising. Current use of portions
of the spectrum already heavily occupied by terrestrial systems creates a major,
complex frequency management problem, which can be eased by the use of milli-
meter wave satellite systems.

d. The use of new communications technologies and services will become
available as millimeter wave techniques are employed. The greater bandwidth
will provide the means for having a larger number of piéturephone channels per
transponder that could be handled by current satelliite links. Extension to
other services, e.g. library or educational must be included in assessments of

millimeter wave applications.

8.6.4 The Potential Use Of The Submillimeter Wavelength Region

The use of submillimeter waves for terrestrial communications or ground-
to-satellite communications is not very promising because of the large atmos-
pheric attenuvation from approximately 25 pm to 1 mm wavelength. A few win-
dows in the long wavelength end of the submillimeter region (e.g. 1.3 mm,
0.85 mm and 0.75 mm) can be employed for ground based communications. The

possibility of communication between high-flying aircraft and satellites,
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synchronous-to-synchronous or synchronous-—to-low orbit spacecraft exists in
the submillimeter wavelength region where no interference with terrestrial
communications is possible. The enormous spectral region offered between 2
mm and 10 um can handle most exoatmospheric communications requirements which
can be projected for several decades.

The improvements which have been made in recent years in submillimeter
technology indicate that complete communications systems can be :gsembled
in the near future. Over 500 optically pumped sources have been developed
across the submillimeter wavelength region, and these can be employed as
local oscillators or transmitters. Direct discharge lasers also exist at
discrete wavelengths and can be used as transmitters. A recent development in
transversely excited HCN lasers at 337 um by F. Kneubiihl of ETH (Zurich) will
probably result in the highest power laser sources available in the sub-
millimeter wavelength region. Waveguide laser technology has been developed
by D. Hodges of Aerospace Corp, and these optically pumped sources will
probably yield the packaged sources for airborne applications. The stability

of submillimeter lasers has been established several years ago by a group at

“Martin Marietta who phase-locked the HCN laser at 337 um (890 GHz) to a 5 Miz

frequency standard. The long term stability of the phase-locked laser was
approximately 6 parts in 1012. With receiver development currently being per-

formed, relativistic beam devices (REBs) providing high output power and

quasi-optical techniques being demonstrated, the submillimeter wavelengih region

will be a potential spectral region for high data rate applications. The
longer wavelengths of this region will ease the problem of acquisition and

tracking so that the establishing of a link between a low orbiting satellite

and a synchronous satellite as the orbiting vehicle comes over the horizon will

be achieved better in the submillimeter region than in the optical region.
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8.7 Optical Communications Systems

As with millimeter wave communications, optical communications can be em-
ployed to meet the increasing demands of communications systems users. Table
8.20 can be considered as listing the advantages of optical systems as well as
millimeter waves, The inclement weather effects on optical propagation
dictate the optimum use of optical systems as being satellite-to-satellite
applications. The other advantages of Table 8,20 indicate that optical techno-
logy will provide the basis for the high data rate systems of the future.

In the sub-sections which follow, a brief discussion is given of the optical
communications systems which are considered for satellite systems. The fact
that laser technology is in its infanecy has resulted in some reluctance in
applying these techniques; however, great advances have been made by the United
States Air Force on YAG:Nd aud doubled YAG:Nd systems and by NASA on C02 5ys-
tems so that the most pressing need for satellite optical communications is the

performance of test flights and comparison of the two systems.

8.7.1 Candidate Optical Communications Systems

The optical region has been considered since the advent of the laser as an
excellent part of the electromagnetic spectyum for communications. As a result,
as various lasers have become available, they have usually been surveyed for
use as sources for optical commupications. Table 3,34 indicates those optical
communications systems which have been considered the leading candidates. In
recent years, this list has been narrowed to the first three systems, i.e. 802
10.6 pm system, the 1.06 pum YAG:Nd system and the doubled YAG:Nd system at
0.53 um. Actually, a comparison of laser communications systems, taken from a
Hughes report, is given in Table 8.J5. The important factor for comparison
is the Figure of Merit, M in the next to last column. This factor, M, is a
product of several factors and has been given by Hughes as M = (laser efficien-
cv) % (modulator figure-of-merit) x (bandwidth) x (PT/P)min X(l)_z.

This figure—of-merit shows the CO, laser as the strongest contender and

2
Table 8,35 further indicates that short pump life is a reason for exclusion of

the doubled YAG:Nd system. There are merits for both these optical
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TABLE 8,34

CANDIDATE OPTICAL COMMUNICATIONS CYSTEMS

002 Laser Communication System at 10.6 Microns
YAG:Neodymium Laser System at 1.06 Microns

Doubled YAG:Neodymium Laser System at 0.53 Microns
Helium-Neon Laser System at 0.6328 Microns

Gallium Arsenide Diode Laser System at 0.90 Microns

Ultraviolet Wavelength Laser System
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. TABLE 8,35
COMPARISON OF LASER COMMUNICATION SYSTEMS

Laser Lifetime, hr Laser T Modulator Maximum Figure of Reason
A, Powver, Efficiency, Madulator Figure of Bandwidth, PTIFHmin Merit, for
Laser microns W Device Pump % Power, W Merit Hz M Exclusion
Argon 0.51 1.0 5,000 0.01 1.0 1.0 109 5x 1017 67 Low laser
efficiency
; Doubled 0.53 .3 500 0.03 1.1 0.9 10° 1.6x10"7 53 Short
' YAG pump life
He Ne 0.6328 0.005 > 20,000 0.1 1.4 0.7 10° 1.6x10'3 1 Low
P./P
T Rmin
Ga-As 09 | oo10 1.000 10 1.0 1.0 10° 20x10"° | «<1 Low band-
width
Nd:YAG | 1.06 0.6 500 0.06 5 0.2 10° 16x10'% 5.7 Low
w : P._./P
T'R_.
o pump Shart T
'E‘J- pump life
Nd:YAG | 108 0.1 10-400 0.03 5 0.2 107 2.7x 108 0.499 | Low
KHB PT!PRmin
pump Short
pump life
Nd:YAG | 1.08 0.05 10-400 0.1 5 0.2 10? 1.4 x10'6 0882 | Low
LED , Pe/Pa
pump .. Shorg Min
pump life
x 9 15
He-Ne 1.15 0.005 >20.000 01 5 0.2 10 1.1 x10 <1 Low
PL/P
T Rrl‘lin -
He-Ne 3.39 0.005 20,000 0.05 2* 0.5 T 43x10'® <1 Low
P./P
T Rmin
co, 106 1.0 >10,000 10 12* 0.08 05x10° | 270x10"0 | 341
*Intracavity coupling modulation,




communications systems as their advocates have indicated., Recent advances “.
YAG:Nd efficiency would place the laser efficiency in the 1 - 27 region so
that the Figure-of-Merit of both the YAG:Nd and doubled YAG:Nd systems would
exceed that of COZ' The simplicity of the YAG system receivers and the
capability to achieve higher data rates (? 1 Gbps) are factors favoring the
doubled YAG:Nd system. On the other hand, the shoxt pump lamp lifetime con-
tinues to be a problem, damage to the crystal doubler must be avoided and

the difficulty of pointing at shorter wavelengths must be considered. The
latter is a currently solvable problem, and, with continued development, the
difficulties associated with both systems will be removed. The lifetime of
experimental CO2 laser tubes is currently approaching 30,000 hours. It is now
the consensus of the laser communications community that laser communication
components that are presently being developed are suitable for an operational
laser communication system in the early 1980's. 1In the light of these develop-
ments and the availability of components, the most important development will
come from the flight-testing of these systems. The doubled YAG:Nd laser sys-—
tem will be satellite-borme in 1976-1977 by the Air Force, but funding curtail-
ment at NASA will delay the 002 tests.

8.7.2 Required Optical Component Technology

The technology required for optical communications spans a multitude of
disciplines as does that required for the millimeter systems. Becruse of the
short wavelengths of the optical region, the requirements on precision become
more demanding than in the longer wavelength regions. Table 8.36 list some
of the genmeral categories of optical technology which are required for optical
communications. The listing is applicable to both CO2 and the YAG:Nd systems.
Table g, 37 shows some of the CO, technology needs while Table 8,38 shows a
similar breakdown for the YAG:Nd laser communication system. A brief dis-
cussion of these needs follows.

1. The CO2 laser sources have received considerable support under NASA-
Goddard programs and, as a result, are currently developed to the stage of
being capable of satellite applications. The developments have resulted in

frequency stable lasers with good lifetimes. Work by U. Hochuli of the
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TABLE 8.35

Required Optical Technology:

Laser Source

Wideband Detector Capability
High Data Rate Modulation

Lifetime Improvement

. Testing of Acquisition Techniques

Environmental Testing of Optical Components (LDEF)

EUEE - TS R R e
.

Flight Testing of Optical Communications System
(Satellite-to-Satellite)

8. Propagation Experiments (Satellite-to~Ground)

TABLE 8.37

002 LASER COMMUNICATINNS SYSTEM

Technology Needs:

1.

Flight Testing of Currently Developed 002 Laser System in
Satellite-to-Satellite Application

Testing in Proposed Space Shuttle Experiments

Continued Improvement in Lifetime of Conventional Mode Laser
Tubes. Current Lifetimes are in FExcess of 30,000 Hours

Improved Lifetime of Waveguide Lasers., Detailed Testing is
Required.

Frequency Stability Improvements. Stark Effect Stabilization
and Lamb Dip Tests Should be Performed Over Long Periods

Increased Data Rates Over the Current 300 Megabit Rate, There
is a Need for Improved Modulation Techniques

Increased Bandwidth in Current Detector Capability.
Space Environmental Testing of System Components, e.g., LDEF

As a Long Range Objective, the Development of 10.6 Micrometer
Integrated Optical Components will Provide Improvements in
Packaging and Performance. Example: An Integrated Modulator
Will Provide Compactness, Lower Voltage Operation and Improved
Performance
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TARLE 8.38

YAG: NEODYMIUM LASER COMMUNICATIONS SYSTEM

Technology Needs:

1.

.

W W o~ >y n

Performance of Planned Air Force Experiments
Testing in Proposed Space Shuttle Experiments

Improvement in Lifetime of Excitation Flash Lamps or Better
Pumping Techniques

Continued Improvement in Modulator and Doubler Materials.
Higher Threshold to Damage

Freedom from Distortion of Doubled Mode-Locked Signals
Space Environmental Testing of System Components, e.g. LDEF
Testing of Pointing and Tracking Techniques -
Improved Laser Efficiency

Reduction of System Size, Weight and Power Consumpiion
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University of Maryland has extended the lifetime of small 002 lasers to 30,000
hours. The development of waveguide lasers by Hughes has provided cumpact
tunable sources (on the order of 1 GHz) with a high potential for local os-
cillators in Doppler-shifted receiver applications. For these sources, life-
time improvements are important. Since the waveguide 002 lasers are relative-
ly new, detailed testing is necessary, TFrequency stabilization improvements
are necessary. Stark effect stabilization is employed and should probably pro-
vide stabilization on the uvider of a part in 109. The use of Be0 or alumina
tubing projects the possibility of having sources which do not require water-
cooling thereby lessening the weight and size of satellite-borne systems. TFor
the conventional normal mode CO2 lasers, stabilization techniques exist in the
form of Lamb dip fluorescence which can result in stabilization on the order
of a part in 1011— 1012. Improvement over the 10% efficiency of the 002 lasers
which are employed is highly desirable.Efficiencies as high as 20% or more have
been achieved but this is not the case for sealed-off small co, lagers.

The current status of the YAG:Nd laser is such that continued improvement
in the lifetime of excitation f£flash lamps or better pumping techniques are
required. Laser efficiency has always been a problem for the YAG:Nd laser, and
this must be improved for future optical communications systems. Recent improve-
ments in laser efficiency has been experienced in YAG:Nd laser designator de-
vices, and this capability must be transferred to the communications technology.
Efficiencies on the order of 1 - 2% have been achieved.

2. 1In the case of the 002 laser communications system, increased data
rates over the current 300 megabit rate is a necessary requirement for future
applications. The power consumption involved in high data rate modulation for
10.6 um must be reduced considerably. New materials and new modulation tech-
niques should be explored.

For the YAG:Nd laser, it is important that improvement in modulators and
doublers be continued. Barium sodium niobate and lithium tantalate have been
shown by the Air Force to be appropriate materials for doublers and modulators
respectively but higher thresholds to damage are required for iong term operdtions.
In the doubling of mode-locked signals freedom £rom pulse distortion and deter-

ioration must be guaranteed.
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3. Reduction of system size, weight and power consumption should bve a
goal of future operations. The improvement in source efficiency will contribute
significantly to lowering of the power consumption. As a long range objective,
the development of 10.6 um integrated optical components will provide improve-
ments in size, weight, power consumption and performance. An example of this
possibility is afforded by integrated waveguide modulators which will provide,
in addition to cowpactness and improved performance, lower voltage operation.

4, Environmental testing of system components under space operatiomal
conditions will providz important data for system design. Satellite testing
planned by the Air Force and provided by the Shuttle Long Duration Exposure
Facility (LDEF) will fill the role for space environmental testing. As in-
dicated previously, the most important developments for optical communica-
tions is the availability of flight testing of the systems. Performance of
planned Air Force flight experiments will furnish data on the doubled YAG:Nd
system while the carrying out of proposed joint Space Shuttle experiments will
vield data on both CO2 and YAG:Nd systems. For the currently deveioped CO2
system, funding should be provided to flight test in a satellite-to-satellite
application. It is in this role that the wvalue of the CO2 laser will be most
evident.

5. For C02, increased bandwidth capability over that provided by existing
10.6 ym detectors must be possible if higher data rates are to be achieved.

6. The narrow beam widths of laser communication systems require accurate
pointing, acquisition and tracking techniques which, while proven in the labora-
tory, must be tested under flight conditions. Geosynchronous-to-geosynchronous
satellites and geosynchronous-to-orbiting satellite situations must be examined,
The latter link places the most stringent requirements on the pointing and

tracking apparatus and is important for the data relay systems.

8.7.3 Atmospheric Effects in the Optical Wavelength Region

The effects of the atmosphere on optical propagation is much more severe
than in the longer wavelength microwave and millimeter regions. Clear air

absorption does not present a serious problem for the most convenient laser
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frequentiss and appropriate transmission windows exist in the 10.6 pm, 1.06 um
and visible spectral regions. For 10.6 uym and 1.06 um, the clear air attenu-
ation is not the limiting factor in transmission. The effects of rain, cloud
and fog are the most serious. Figure 8.18 shows the effects of all atmospheric
constituents. The situation is such that tortal fog atrinuation might be
several tens of decibels for a 1 kilometer range but attenuation for clouds

is much more serious than this, essantially completely blocking laser trans-
mission. Studies have been performed by Hughes to ascertain the feasi-

bility of employing spatial diversity in the optical wavelength region. The
investigation was concerned with derermining the probabilicty of cloud cover
being present at several sites simulraneously. Six sites were chosen in the
United States to examine the probability of sunlight, using this as a measure
of cloud cover probability. The combined probability of sunshine for one,

two and three stations were also calculated., The sunshine probability was
calculated for each of the six stations for the four seasons of the year. The
annual probability was also determined. From Table 8.39 jt is seen thar

when three stations are available, it ig porssible to have clear line of

sight to at least one of these three stations greater than 99 percent of the

year. The six sites chosen for the ground station receiving network were:

Yuma, Arizona (YUM)
Amarillo, Texas (AMA)
Lander, Wyoming (LND)
Evansville, Indiana (EVV)
Washington D. C. (DCA)
Tampa, Florida (TPA)

While it is possible to have a main trunk link from a synchroncus data relay
satellite to an earth station using a laser link, it will probably requirce two
or three earth receiving terminals.  The narrow beam of the laser will also
necesgitate reorientation, acquisiticn and tracking of the satellite~borne
laser. Turther investigations of the feasibility and economics of this tech-
nology is needed. Propagation experiments proposed at the Shuttle Communi-

cations Experiments Workshop should alse be performed when Shuttle fiights




TABLE 8.39
PROBABILITY OF A CLEAR LINE-0F-STGHT

SELECTED COMBINATIONS PROBABILITY OFPéRgE%R LINE-OF-SIGHT
OF NETWORK STATIONS JANUARY APRIL JULY OCTOBER ANNUAIL,
1. (YuM) 83 94 92 93 91
(LND) 66 66 76 67 69

3. (AMA) 71 75 81 76 76
4, (EVV) 46 65 82 73 65
5. (TPA) 63 74 61 67 68
(DCA) 46 57 64 61 58
162 94 98 98 98 97
1&3 95 99 99 98 98
2 & 3 90 91 95 92 91
28 4 82 88 96 91 89
384 84 91 97 93 91
3&5 89 93 93 92 92
4 &5 80 91 93 91 91
L& 6 71 85 94 89 86
56& 6 80 89 86 ' 88 87
1, 2 & 3 98 99+ 99+ 99 99
2, 3 & 4 95 97 99 98 97
3, 4 &5 93 98 99 .98 97
4, 5 &6 93 96 97 96 95




become available.
In addition to the attenuation of laser signals by atmospheric con-
stituents, the effects on polarization, scattered radiation and coherence are
= important aspects of the propagation of optical communications signals which
must be carefully studied if satellite-to-ground optical links are to be a

reality.

8.7.4 Optical Communications Systems Concepts

The spectral region offering the greatest capability for high data
rate communications is the optical region. The extremely large bandwidths
which are potentially available can handle requirements beyond what can
currently be predicted. Despite the atmospheric attenuation problems, it
has been shown that communications from satellite to ground will be possible.
Satellite-to-satellite applications will be the most appropriate use of
optical systems. In Section 13.2, a cost benefits analysis of such a system
is performed. The narrow beams of laser systems will provide the capability
for multi-beam, non-interfering optical communications to several diverse
points.

An application of great imporiance is the data relay link which has been
considered as an application for several different spectral regions. The
millimeter wave regionwould be an appropriate spectral region for this
application. On the other hand, many of the millimeter wave applications
discussed in sub-section 8.6.3 should be considered for the optical communi-
cations applications. In the light of its importance, a few brief remarks
shouid be made on the data relay link concept.

Data rates for space communications are projected to increase from
108 to 109 bps during the 1975 to 1980 time frame. The requirements for
these large data rates exist in several areas of communication and necessi-
tate the use of high data rate systems in many links (synchronous-synchron-
ous, synchronous-low orbiting sateliites and satellite to ground). A radi-
cal new step in obtaining data from scientific satellites is the data delay

; satellite concept, shown in Figure 8.26. In this concept, a data relay
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satellite is utilized to relay data and commands between low earth orbiting
user satellites and a central ground station. The data relay satellite must
operate at a variety of frequencies to accommodate the current scientific
uzer satellites, but such a system can replace a large number of ground
stations and is, therefore, economically attractive. System definition
studies have been performed on data relay satellite systems operating in the
RF region, and comparisons have been made with laser communication systems
more detailed comsideration must be given to the use of millimeter

wave gystems for data relay links.

In order to analyze the cost benefits of Satellite Data Relay Links,
several program requirements must be considered. A leading candidate for
such high data systems is the Laser Data Relay Link (LDRL). Experimental
versions of this system exist, and performance of experiments have been
planned by both the U. S. Air Force and NASA. A co-operative program has
béen proposed. Although current funding dees not include the performance
of these experiments, the purpose of the proposed program is to determine the
feasibility of laser communications for wideband data transmission from space-
craft. The Air Force phase of the experiment calls for a high data rate Nd:YAG
laser transmitter intended for synchronous-—to-synchronous satellite applical
tions and for secure synchronous satellite-~to-ground applications. The NASA
system would be a high data rate 002 laser tramnsceiver intended for low
altitude satellite-to-synchronous satellite needs for data relay applications.

A large number of applications of space-to-~space relay systems can be
expected with the next generation of space systems. Included in these appli-
cations is the Earth Observations Satellite (EOS) and similar earth sensing
satellites which share a requirement for wideband data transmission from a
low-altitude satellite to an associated ground data center. Tt has been
pointed out that recovery of data is most appropriate performed by a
synchronous satellite data relay link. The techniques can be employed in
several frequency bands, but for the anticipated data rates, either a milli-
meter or optical system must be considered. The Tracking and Data Relay
Satellites (TDRS) will provide continuous real-time tracking and data ac-

quisition service for satellites in near-~earth orbit (up to 5000 km altitude).
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A major element of this system is the use of 2 geostationary satellites and

an on~orbit spare in order to relay RF signals received from varicus lower
altitude spacecraft, including shuttle, to earth stations in continental

U. 5. TDRS will consist of broadband multiple-access frequency communications
repeaters with UHF, 5-band and Ku-band subgystems for low, medium and high-data
rate users. TDRS will provide range and range-rate information of the low al-
titude satellites to ground statioms for tracking purposes and will cransmit
ground generated commands and voice ko these satellites.

The objective of the LDRL experiment is to provide a compact, high per-
formance laser data relay link, capable of transmitting wideband data from a
low-altitude satellite through a relay satellite to groﬁnd station. The ex-
periment could use the space -huttle as a terminal for cgmplete space-to-
space tests and will provide information on data quality and quantity transmitted
over laser relay 1link.

The taking and recovering of data on a reasonable duty cycle using conven-
tional methods of on-board storage and intermittent or direct readout to ground
stations is wunlikely and it is for this reason that EOS and similar missions
are considered as prime candidates for future operational use of wideband 002
laser data relay links. WNASA and the Air Force have conside~ed the EOS
mission as a baseline laser data relay link application; the differences between
various wavelengths that might be .considered for space-to-space relay links

were examined briefly. The following characteristics are improtant in the
preference for higher frequencies in the data relay system:

RF system characteristics:

Large antenna (W3 m in diameter) on low altitude satellite; susceptible
to multipath; RFIL from terrestrial sources; requires frequency alloca-
tions which can be increasingly difficult to obtain in future vears;

difficult to meet high data rate requirements.

Laser system characteristics:

Small antenmas (12-20 cm in diameter); light weight; reasonable

prime power required; freedom from multipath, RFI and spectral crowding.
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A recent NASA report has considered the advantages of satellite-to-
satellite communication and has indicated the many applications of data relay
satellites. For the conceptual system considered here, we limit the discussion
to a data relay system for the EOS. The comparison can be made for an EOS
direct to ground link with an EOS to TDRS to ground limk.

Consider the following conceptual system: EQ0S-to~TDRS~tp-ground link
for data rate of 800 Mbps for the E0S altitude = 450 N.MI. The most appropri-
ate link for this system is the 10.6 um 002 laser gystem for the EOS to TDRS

link with a Ku band carrier for the TDRS to ground link. The cost for omne
system is:

10.6 um EOS-TDRS Link $3.32M
Kt—band TDRS-Ground Link 7.95M
$11.27M

Compared with the following:

EOS direct-to-ground;

EOS Ground Stations For

Telecom Recurring Nonrecurting 7~vrs.

2.25 GHz $6.37M $1.12/yr $9.85M 24.06M
7.25 GHz 6.23 1.12 9.83 23.90
14,5 GHz 6.73 1.12 10.85 25.42
21.0 GHz 8.19 2.24 15.20 39.07
10.6 um 4,92 3.36 29.87 58.31

while other wavelengths for the EOS-TDRS-Ground link show the following total

costs!
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EOS-TDRS TDRS—-Ground Total

¥
% 7.25 GHz 9,11 M 16.21 M 25.32
: %@ 14.5 GHz 9.41 16.51 25,92
? 21.0 GCHz 10.94 18.11 27.45
%” 60.0 GH=z 12.62 19.81 32,43
3 A comparison shov'd be made of the 10.6 um CO2 laser with the YAG:Nd3+
% laser communication system.
? NASA development costs are those projected previously for the laser
% communications system. This is for only one EOS-TDRS-ground link. A pro-
% jection for future systems can be made. An estimate is that four + one spare
5 TDRS will be eventually flown with possibly 3 EOS per TDRS.
¢
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SECTION 9

CONCEPTUAL SYSTEMS INCORPORATING INNOVATIONS AND
MEETING USER NEEDS

% Results of the user survey described in Section 7 and the technology

survey of Section 8 have been combined to select a set of conceptual
technology systems which will meet the near future user needs by incorpo-
rating technical innovations, These conceptual systems are then analyzed

by the cost-benefit methodology develuped in Sections 1 through 5 of this

report. The selected conceptual systems range from ground station items

s to satellite subsystems to total communication systems. They have been
selected so as to be representative of the total group of space communica-
tion technologies. The conceptual systems technologies are as follows:

i +Low Cost Earth Station Receiver Technology

-Ton Engine Technology

*Millimeter Communication System Technology

+Laser Communication System

+RF Attitude Sensor

-Satellite Solid State Power Amplifier

+Multibeam Antennas
-Advanced Solar Arrays

+Adaptive Heat Pipes

Each of these tonceptual system technologies is analyzed in Sectiomns 11

through 14, and a description of the concepts and the mechanisms of the
benefits are given there. Ion engine technology is analyzed in Section 1I;
low cost earth station technology is analyzed in Section 12; and the remain-
ing seven technologies are analyzed in Section 13. Section 10 describes

; the baseline scenarios used in application of the methodology of Part I

to the conceptual systems developed in Part II.
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SECTION 10
SCENARICQ DEFINITION

10.1 Approach

et

Application of the cost-benefit analysis (CBA) methodology presented
in Part I requires specification of a standard situation against which
each of the proposed technology development projects can be evaluated.

In accordance with the screening equations, evaluation of net present
values of any proposed technology development program requires specifica-
tion of the following set of parameters: discount rate, time delay factor,
probability of industry adoption, NASA RE&D time, industry R & D time,
industry construction time, operation time, total NASA R&D cost, total
industry R&D cost, total industry construction cost, annual gross benefits,
and annual gross costs. Rather than the separate annual gross bemefit

and annual gross cost, it is the net annual benefit which is important.

Of the above list of parameters, the most difficult ones to evaluate

are the net benefits. Sources of benefits for the projects under conside-
ration are (1) cost-effective services to USA, (2) profit from the sale

of satellites to other countries, (3) balance of payment considerations,
and (4) employment consideratioms. Of these the primary benefit is that
gained from cost-effective provision of communication services to the USA.

The one element common to each technology cost-benefit analysis is
the necessity of estimating the size of the market for the technology in
question. Prediction of the market size for the technology to be utilized
in space communications has three basic steps. First, the estimated
required channel capacity of satellite communications for the western
world is estimated in thousands of half-circuits. These estimates are
based upon Intelsat's projections for the international communications,
application of a similar projection to the United States and foreign
domestic satellite needs and previous estimates by other investigators.
Second, projections are made of the esrimated satellite capacity as a
function of time; that is, projections ¢f the channel capacity per satellite
for the interval 1976-79, 1980-89, 1990-9%2 . These projections are

consistent with those made recently by Intelsat for their own planning
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purposes. More will be said below about the relationship between the
projected satellite capacity and the technology development under conside-
ration, The third item is the market prediction methodology. Satellite
launches have two parts: that due to growth and that due to replacement
of older satellites,

Once an approximate launch schedule for communication satellites for
the western world has been established by the procedure outlined above,
one must address the issue of what share of the western world market ﬁill
be held by the United States. Certainly the benefits to the United States
which result from the development of technology for communication satellites
are different for satellites which are constructed, owned and operated in
this country than for those satellites built here but owned and operated
by foreign countries. The communication satellites of the western world
may be envisioned in four groups: (1) U.S. constructed and U.S. operated,
(2) U.S8. constructed and foreign operated, (3) foreign constructed and
U.S8. operated, and (4) foreign constructed and foreign operated. Of
these four categories, only the first two have benefits to the U.S. result-
ing from the technology development. Calculation of benefits for the
first group does not require separation of benefits accruing to the satel-
lite manufaturer as profits and benefits accruing to the operator or users
of the satellite; all benefits go to the United States. In the second
class howaver (satellites constructed in the United States for a foreign
country's use), the benefits accruing to the United States are the profit
to the satellite manufacturer and, to a somewhat smaller degree, the bene-
fits associated with increased employment and improved balance of trade.
In any case, calculation of benefits for the second cless requires sepa-—
ration of profit to the manufacturer and savings to the owner; only the
benefit accruing to the manufacturer is appropriate. The cost-benefit
analyses of this report assume that the "11.5. constructed and U.S.
operated" benefits (including U.S. share of INTELSAT) adequately approximate
the total benefits.

The influence of technology development upon the share of the western
world market held by the U.S., and its impact upon the cost method analysis

is not quantatively treated in this report.
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The actual baseline scenario can be viewad at any of several levels
of complexity. In the simplest case where only these satellites construc-
ted in the United States for use by citizens of the United States are consi-
dered, the information needed is a projection of the estimated required
channel capacity together with an estimate of the channel capacity per
satellite as a function of time. The channel capacity per satellite versus
time figure is assumed to be directly related to the development of the
critical technologies at specific times. 1lhe cost-benefit analysis then
consists of varying the time of availability of these technologies by
performing the NASA R&D programs relative to the technologies.

Four types of scenarios are of interest in a cost-benefit study of
government sponsored R&D, These may be termed che project scenario, the
baseline scenario, the full shift scenario, and the partial shift scenario.
The latter two are polar alternative scenarios. The nature of a cost-~
benefit study is the comparison of a project scenario with an alternative
scenario. The alternative scenario may be one of the aforementioned
polar possibilities, or an intermediate one formed as a weighted combina-
tion of these extremes, or the baseline scenario.

The project scenario is the stream of resource inputs and outputs
corresponding to the more or less immediate adoption of the R&D project.
The baseline scenario assumes the R&D project is not undertaken. The
inputs and outputs of the other scenarios are calculated as differences
from the baseline. The full shift scenario assumes the input-output
stream of the project scenario remains unchanged, except that the stream
is shifted, or slipped, some years into the future, The partial shift
scenario assumes the R&D cost phases are shifted into the future, but
the benefits in the final stage equal the benefits in the project scenario.

Since costs and benefits are relative, not absolute, dollar values
cannot be associated with each of the four identified scemarios, Rather
a scenario can only be assessed relative to another scenario. Thus,
dollar values are associated with the project, full shift, and partial
shift, scenarios by comparing each to the baseline scenario. Tt is the

differences between scenarios which are valued., The project .cenario can
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then be compared with an alternative scenario in either of two ways: (a)
the direct method, in which since two scenarios are involved, they may be
assesgsed relative to each other; and (b) the direct method, in which if
each of the two scenarios has already been valued by comparison to the
basieline, these values may be differenced. 1t should be noted that (a)
is informationally more efficient than (b).

To bring this discussion into sharper focus, let X. represent the

physical flow of inputs and outputs in the project scenirio; Xz, XB’ X4
are the physical flows for the full shift, partial shift, and baseline
scenarios, respectively., Let V be a functiom which assigns dollar values.
V is defined only on differences between scemarios. Thus, V(X;) is not
defined, whereas V(Xl —XQ) ig detined. Method (a) above finds V(Xl ‘Xz)
directly, while (b) finds V(xl - XZ) by evaluating V(Xl - Xé) - V(X2 - Xa).
The results are identical. However, the former does not demand knowledge
of XA'
Equation 3.3 in Part I compares the project scenaric wizh ithe full
shift scenario, while equation 3.5 in Part 1 compares the project scenario
with the partial shift scenario.

10.2 Baseline Calculation

Many space communication technologies to be developed have benefits
which can be expressed asamore cost—effective delivery of communication
services. The benefit of NASA-induced techmolopgy development is then
the difference in costs of providing the communication services over an
extended period of time with (1) early introduction of the technology
and (2) normal (later) introduction of the technology. Evaluation of
the benefit requires estimation of the technology's value per satellite
and of the market demand for communication satellite services.

Benefits of the NASA technology program to this nation are assumed
to accrue primarily from communication satellites manufactured and used
in this country. Secondary benefits will accrue from increases in foreign
sales of U.S. manufactured communication satellites. Estimation of the
primary benefits then requires prediction of the demand for U.S. communi-
cation satellite services and estimation of the portion of this market

to be supplied by U.S. satellite manufacturers.
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Table 10.1 describes the models used for demand, satellite cost,
satellite capacity, and pertions of sales and use and Table 10.2 gives the
baseline parameter values. Figures 10.1, 10.2, and 10.3 portray the re-
sulting estimates of market demand, satellite capacity, and satellite cost
through the year 2000 for U. S. domestic communication satellites. Figures
10.4, 10.5, and 10.6 present similar data for the combined Atlantic and

Pacific regions of the INTELSAT system (thousands of half circuits per satellite.

The capacity per satellite is that which is anticipated in the absence

of development of the specific technology being analyzed at a given timej i.e.,
a nominal growth rate of and satellite capacity is taken as the baseline, and
adjustments are made to account for the specific technologies being evaluated.
The satellite cost is projected to increase at a rate somewhat less than that
of the satellite capacity so as to result in a lower cost per channel with in-
creasing time.

Attributes of satellite technology which contribute to effective deliv-
ery include lower cost equivalent systems, higher capacity systems with less
than proportional increase in cost, and increases in expected satellite life-
time. FEvaluation of the cost difference for the total period with and without
early introduction of a specific communication system requires estimation of
the two launch schedules. The number of satellite launches required in a
given year depends upon (1) the increase in demand for communication sei.ices,
(2) the required replacements of earlier-launched satellites whose nominal
end of life occurs in that year, and (3) the channel capacity per satellite
available with the then-current technology. The cost is then the number of
satellites launched multiplied by the cost per satellite. A computer simula-
tion program has been developed at the Enginnering Experiment Station which
generates a launch schedule consistent with the models given in Table 1 (demand,
satellite capacity, aad satellite cost) for any specified set of initial con-
ditions (i.e., the initial capacity in orbit, the times of the previovus launches,
and the expected lifetime of each satellite). The program also computes Lhe
annual expenditures discounted back to the base year and the cumulative dis-
counted expenditures. Scenarios involving different introduction times for
a specific technelogy can be compared by generating the launch and cost schedule
for each scenario and by comparing either the sct of annual expenditures or the

cumnlative expenditure at some time signif:icantly past the second technology
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*The computer program allows an arbitrary number of piecewise-constant ;

segments of satellite lifetime. The baselines as used in this study :
use two such segments
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TABLE 10.2

BASE LINE PARAMETER VALUES

INTELSAT

(Atlantic & Pacific)

$35M

.11

10K half ckts
.69

17K half ckts
.18

-2

93

50

7 years

1985

8 years

2000

3 (1978)

25 (2000)
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DOMSAT
(Us)

$35M

A

14K half ckts
.75

24K half ckts
.2

-1.7

110

100

7 years

1985

8 years

2000

5 (1980)

25 (2000)
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introduction date. The later time must be selected such that the effects
of any lifetime extension associated with technology is included.

Experience with the launch schedule simulation has indicated a signifi-
cant sensitivity with respect to the assumed initial conditions regarding
launch time of satellites in orbit at the beginning of the simulation. This
sensitivity is often large with respect to the cost saving associated with
the technology introduction. A second simulation program which artificially
allows fractional-satellite launching (launches capacity equal to demand'in-
crease plus replacement needs on a per channel basis) has been developed and
used for emphasizing the impact of technology development upon the cost of pro-
viding the necessary communications services. This later program was used for
estimation of benefits in the following analyses.

The output of either of the launch schedule simulation programs provides
a basis of comparison of early and late technology development in terms of
the different operating costs (discounted back to the base year). The com-
puter programs implemented for screening, assessment, and ranking assume
that the benefit is expressed as a constant equivalent annual benefit during the
operational phase. Accordingly, the discounted benefit of early technology
introduction determined frem the launch simulation program is transformed into
an equivalent annual benefit (EAB) as input data for insertion into the cost-

benefit analysis methodology programs by first computing the constant annual benefit

T.+T,+T
1 72°73
CAB = (Y) (1+d)
T
z‘*(l)ts
poec] 1+d

and then dividing that number by the techmology lag term which is a pre-multiplier in
the NPV equation:

EAB = CAB/ [1-1/(1+d}7],
there Ti is the length of the ith phase, is the technology delay time, d is the

discount rate, andyis the discounted net benefit of the early technology scenario.
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10.3 Considerations in Benefit Identification

In the net present value expression, the total frame is subdivided into
four intervals: a basic R&D phase, an applied R&D phase, a prototype develop-
ment phase, and an operational interval. In one type (Type L) of benefit ap-
proximation, the operational jinterval extended to the time the technology be-
came obsolete. In the second type of benefit identification, the operating
region (benefit period) begins when the technolegy would become available
through NASA support and ends when the technology would have become available
without NASA support. In the first type, the net present value of the techno-
logy development is evaluated by calculating the net benefit in each year of
operation of the device, prorating the net benefits back to the base year (1975)
at the appropriate discount rate, and summing the discounted benefits. In
this approach, the benefit associated with the NASA development program is
calculated by multiplying this technology benefit by a delay factor wnich is
dependent only upon the discount rate and the time delay resulting from NASA
not pushing this technology. This approach assumes that the benefits which
result from the introduction of the technology depend upon the time since in-
troduction of the technology and not upon absolute time. 1t is most applicable
for technologies whose rate of application is determined nrot by a changing market
but rather by an increasing user acceptance of the device; i.e., demonstrated
performance. It is not particularly applicable to a situation in which the
market for devices using the technology is rapidly changing.

The second type of benefit identification, which is best fitted for a
technology whose rate of usage is dependent upon a changing market and not
upon the length of time since its introduction is given by our second approach.
In this Type II Benefit Approximation, the first three intervals of basic re-
search, applied research, and prototype development are handled the same as in
the Type I approach. However, the benefit region is not the useful period for
che technology but rather is the period of time after the technology would have
first become available with NASA support and before it becomes available without
NASA support. This Type II approach seems most applicable for our applica-
tion in which the available market for communication satellites is assumed to
have an exponential growth with time.

The most critical element in the estimation of the net present value of
the project, regardless of the model used for the operating regior, is specifi-

carion of the net benefits per year. Consider first the class of technologies
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whose benefits expresses itself either as an increased capacity per satellite
or as an increased lifetime of a satellite. The benefit then is simply a more
economical method of supplying the required channel capacity., The difficulty
in evaluating these benefits is the discrete nature of the communications satel-
lite launch profile. TFor example, a l0% increase in the channel capacity per
satellite or a 10% increase in the lifetime of such a satellite will modify the
future launch schedule of such satellites. However, the ratio of required channel
capacity to channel capacity per satellite is relatively small, and the time be-
tween launches of satellites is relatively large. As a result of this, the bene-
fit of supplying a technology which increases the effective capacity of a satel-
lite a few years earlier than it would normally be available may or may not re-
sult in any change in the launch schedule during the interval; certainly an
increased lifetime per satellite does not yield any apparent reductions in launch
costs until such time has passed that the additional lifetime of the satellite
is being used. These factors make it difficult to determine a net benefit per
year of the operating interval. Thus evaluation of the benefits associated
with an earlier arrival of a given technology would seem to require evaluation
of (a) a launch schedule using the old technology to meet the projected market
demand for several years, (b) and a similar projecced launch schedule utilizing
the net technology with its increase in capacity per satellite to meet the pro-
jected market needs. The difference in the launch costs per year between the
two profiles, discounted back to the base year, can then be summed over the
several decades to determine the best estimate of the benefits asscciated with
the introduction of the technology. A major drawback to this approaci: is the
strong dependence of the results upon assumptions as to previous launch schedules,
times that previous satellites will be inoperative, and the accuracy of the
projected market demands. The detailed simulation to determine an accurate
launch schedule and predicted cost per year requires more accurate input data
than is deemed to be available for the future years. That is, the analysis needs
more detail than the accuracy of the available input data would warrant.
Nonetheless, it is apparent that the actual net benefits per year during
the operating interval are highly dependent upon launch schedules in future years.
The prime benefits resulting from the introduction of the technology are indeed
the reduced launch costs of future years. What is needed is an approximate

method for calculating the benefits per year and one or more examples using
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projected launch schedules as a means of validating the approximate model. The
approximate model which has been selected and computerized assumes that the
benefits can be approximated by a "fractional satellite" launch schedule.

The baseline and method of evaluating benefits up to this point has been
discussed in terms of unit satellites. No consideration has been given to
applications of this technology to non-communications satellites nor to the sale
of components for commercial satellites built in other countries. The interna-
tional nature of the Intelsat membership has resulted in teaming for bidding
on the next generation of Intelsat satellites such that no single manufacturer
nor aven one country will supply all components for the satellite. This com-
bined builder situation will propagate itself naturally into the domestic satellite
sales. Also some of the technologies under consideration, such as the solid state

powver amplifiers, likely will find application in non-satellite areas.
10.4 On Summary

The total methodology which has been developed for the benefit cost analysis
of alternate space communications technologies is composed of a set of three
consistent methodologies: screening, assessment, and ranking. In each
methodology, the underlying approach is the calculation of the net present
values (NVP) of alternate proposed technology development programs, with
an increasing level of detail as one proceeds from screening towards ranking.

Application of the screening methodology produces both the estimated
NPV of the proposed technology development program and a graphical sensiti-
vity analysis of the NPV with respect to each input parameter. In the
assessment methodology, each of the screening inpub parameters is supplemented
with an estimate of the range of parametric values in either standard deviation or
minimum and maximum modal values. Application of the assessment methodelogy
(a form of risk analysis) produces an estimate of the standard deviation of
the NPV of the proposed technology development program. This estimate
assumes a Guassian NPV distribution. (This is an assumption which can be
intuitively argued from the law of large numbers.) The ranking methodology

is a comparison of key parameters of the NPV cumulative distribution functions

(CDFs) for the individual technology development programs. This CDF is generated for

each technology being ranked by a Monte Carlo simulation which utilizes either a Beta

or a Guassian random number generator for selecting input parameters of the NPV

equation and repeatedly evaluates the NPV for the random samples of input parameters.

The Monte Carlo simulation used in the ranking process produces a sample-
estimate NPV CDF; the analytic estimation of the CBF's standard deviation (o) cal-

culated in the assessment methodology assumed a Gaussian CDF. The Monte Carlo
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simulation requires significantly more computer time than does the analytic
(assessment) method. Application of the Chi~squared confidence test to speci-
fic examples during this projeect has indicated that the Monte Carlo simulation
results are close to being Gaussian such that the analytic estimation is gen-
erally a valid approximation.

Since each stage of the quantitative cost benefit methodology is an
evaluation of the NPV of NASA-induced early technology development, each
methodology requires estimation of the same parameters (but no varying degrees
of specification). The overall methodology not only has commnality between
its three parts, but also is intentionally formulated for maximum commonality
in its application to widely varying technologies. This commonality is
accomplished in the computer programs by use of an NPV model with four generalized
phases of the scenario: (1) basic R&D (NASA), (2) applied R&D (industry),

(3) proltotype development, and (4) operation. Input data for each methodology
includes (a) the probability of going into the pase, (b) the time duration
(length) of the pase, (c) the annual costs of the phase, and (d) the annual
benefits of the phase. In addition, one specifies the discount rate to be

used in the analysis and the expected delay time in development of the technology
without NASA efforts. The assessment and ranking programs also require specifica-
tion ranges for these variables.

By allowing the benefits of the technology development program to be
entered into the methodology models as an estimate of the annual benefits
during the operational phase, one can use the same basic methodology for all
technologies even though the form of their benefits may be radically different.
Estimation of the annual benefits for technology development is made separately

in the analysis of each technology by methods appropriate for the technology.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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SECTION 11
DETAILED COST-BEWEFIT ANALYSIS OF ION ENGINE TECHNOLOGY

Application of the screening and assessment methodologies and develop-
ment of the data base for ranking of a technology {ion engine) whose value
is largely dependent upon the number of communication satellites launched
is demonstrated in this section. A similar demonstration for a technology
(direct demodulation) applicable to low-cost earth stations is presented
in Section 1Z. The cost-benefit analysis for the other technologies being
evaluated iz presented in summary form in Section 13 with many of the asso-
ciated plots located in the Appendix.

11.1 Benefit Mechanism for Ion Engine Technology

The gravitational forces of the moon and sun, as well as the gradient of
the earth's gravitational field, perturb the orbits of geosynchronous communi-
cation satellites. Satellite station keeping systems are required to over-—
come these disturbance forces. Motion of the satellite (as seen from the
ground} increases the complexity of the earth station antenna systems and
increases the intefference between satellite systems. The current technology
for these station keeping thrusters is a chemical rveaction engine utilizing
hydrazin~ as the propellent and having a low specific impulse (approximately
220). In the near future, these hydrazine thrusters will be replaced by
Cesium or Mercury Ion engines with significantly higher spocific impulse
(approximately 2000).

The specific impulse of an engine is proportional to its thrust and
inversely proportional to the rate at which it consumes propellant. Thus
the propellant required to provide a specified thrust for a given length
of time is inversely proportiomnal to the specific impulse of the thruster.
The mass budget which must be allocated for a station keeping system with
current ivdrazine technology is significantly greater than that which would
be expected with the use of ion engines. A recent Hughes Aircraft Company
study has voncluded that the weight savings introduced by the u;e of
ion engines is approximately 165 pounds for a small spinner communications
satellite and approximately 195 pounds for a larger 3-axis stabilized

satellite. These weight savings are after allocation has been made for
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additional power requirements. A typical 40 MHz communication satellite
transponder weighs about 25 pounds, requires about 30 watts of electrical
power, and has a revenue capability of 1-2 million dollars per year. Con-
sideration of the weight and power requirements of the transponder led
Hughes to conclude that the introduction of ion engine technology into
communicat ions satellites would allow the addition of one transponder to
spinner communications satellites (Delta 2914 class) or 2 transponders

to 3-axis stabilized communication satellites (Atlas—Centaur class). The
nonrecurring cost of an ion engine system (assuming fully developed engineering
models exist) is estimated at 1 to 2 million dollars. The recurring cost of
the ion engine system is estimated at 500 thousand dollars. Both estimates
are in terms of 1975 dollars.

11.2 Screening of Ion Engine Technology

As a result of discussions of the impact and development costs of ion
engines with several industvial and government groups, the parameter values
shown in Table 11.1 have been selected. The basic research and development
program includes the orbital demonstration over a significant length of
time of an ion engine system, It is estimated that such a program would
require three years and cost five million dollars, The likelihood of
U.S. industry implementing iom engines in commercial communication satellites
after such a NASA R&D program is estimated at 95%. The application program
ic estimated to require an industrial expenditure of 1,5 million dollars
over a three-year period for applied research and development and prototype
development, It is assumed that ion engine technolczy would continue to be
incorporated in communication satellites for ten years after its introduction
without significant modifications to the basic technology. As in all analyses
of this report, the discount rate is assumed to be 6 percent. Since ion engine
technology is at a reasonably advanced stage (having had partial success on
the ATS-F vehicle) it is estimated that the time delay in the availability
of ion engines resulting from NASA not pursing ion engine development is
only two years.

A calculation of the equivalent annual benefit (EAB) for the NASA
sponsored development of ion engine technology is based onm the fractional

satellite launch schedules of Tables 11.2 and 11.3. Tables 11.2a and 11.2b
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TABLE 1..1
INPUT PARAMETERS FOR SCREENING OF ION ENGINE TECHNOLOGY

FOREENTING FOR 10N ENGINES

¥Exxwx INPUT FPARAMETERS ARE A% FOLLIWS  *xxksx

TIME DELAY FACTOR (YRS) oo ieiiienns. Z.80
DISCOUNT RATE ... oo va.. v hers e LA
NAZA DEVELOPMENT

CONDITIONAL PROBABILITY v.iveivanninannn 1.00
ANNUAL BENEFITSE {K$) ..o ivniiniannnnnnns #ope
ANNUAL COSTE (K$) v vrasusninsansannn- labA AT
LENGTH OF INTERVAL (YRS) ....... s 3.0
INDUSTRY RED

CONDITIONAL PROBABILITY ........ canenan <73
ANNLAL. BENEFITS (K$) it nueennnsnnen- b, 0@
ANMLIAL CO57TS (KB) v v assennnsanss 758.90
LENGTH OF INTERVAL (YRZ) ieiuieivnanars 1.
INDUSTRY CONSTRUCTION TIME

CONDITIGNAL PROBABILITY L oue v iieanensn 1.6
ANNLAL BENEFITS {(K%) i veiiaveerennnnas o @
ANMIIAL. COETS (K$) i et i e i neaavennnas 275 . @
LENGTH OF INTERVAL (YRS} ..o vervrennens 200
OFERATION TIME

CONDITIONAL FROEBABILLITY o.oiu..... seaaae 1.@d
ANNUIAL BENEFITS (K%) .. irsesearernonan LTHE . wd
ANNLIAL COSTE (M$) oo i e A
LENGTH £F INTERVAL {(YRZ) oo iiiiinenen 1.0

THE NET VALUE (K$) INCLUDING LAG TIME EQUALS --

2133.4
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LAUNCH SCENARIO FOP. THE ION ENGINE TECHNOLOGY TINTRODUCTION INTO THE U. S. DOMSAT MARKET

TABLE 11.2a

YS DOMSAT«-198) INTRODUCTION QF
ION ENGINE TECHNOLOGY

CAPACITY
(K CKTs72)
1440
15.4
16.9
i3.b6
20.5
224+5
ch.B
29.3
32.0
35.4
I5.3
L1.G
L5.6
50.3
55.2
BU.5
ES.3
72.8
79.8
a7.8
962
it5.6
116.0
12744
139.9
153.7
16049
1855
2cd.a
2Z4h a4
24643

NQ. QF
LAUNCHES

1.00
31
.30
37
Y
sl
«82
«37
«B69
«75
+ 53
+ 31
.99

1.29

1.40

1.348

1.51

1.22

1.73

i.98

2.07

2.36

2.39

2eTh

2.39%

3.06
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3. 86

4a2l
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5.38
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Us-Us cdsT
(43}

35.00
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14,38
16.43

31.46°

36.91
26.03
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30 .84
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ho.82
52413
49,45
53.51
W2e61
60.15
B5.10
7042
79.29
86423
.00
99.46
102.98
120.18
152.89
146473
16368
191.13

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1581 AND 1982 FOR U. 5. MANUFACTURE AND

U. 5. USE - $68.38 MILLION

T
235 L
YEAR SATELLITE COST PER SATELLITE
LIFE SATELLITE
{YEARS) (HS)
1975 he 35.0
+97B ? 37.6
1977 7 L8
19rs 7 43.5
1879 7 46,7
19406 7 5.2
1831 7 L5640
1932 T 6041
1383 7 Blel
1334 7 6%.1
2935 8 Tael
1936 . 8 79.5
1937 8 A5.4
1933 ) 3l.6
1939 8 95,3
13930 ] 105.6
1491 ] 113.3
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1593 a 136.7
1936 8 1uC.3
1935 8 1507
1936 L) 161.8
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1939 8 18o.7
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2000 8 21544
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2603 [:] 267.2
20i4 a8 287.0
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il -~ ey

B Rew
ooy
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US~FOR COST
{Mg)
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.08

§.00

.00

d.30

L.040
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.29

.00
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0.00
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0.00

0.00

0.00-

0.00
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0. 24
0.00
0.00
0.00
0.90
.00
D.a0
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0.00
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0.09
.00
0.40
0.00

LYY
pomy

YEAR

197%
1976
1977
1978
1979
1360
1981
1942
1933
1984
1945
1986
19ar
1948
19¢9
14930
1991
1992
1293
1994
1995
1996
1997
19356
14799
2000
2001
2002
2003
2004
2005

SATELLITE COSY PER SATELLITE

LIFE SATELLITE
{YEARS) (H3)
35.0
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40.4
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Bty
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Tl
79.5
B5.4
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121.7
L3I0.7
140.3
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6d.15
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TABLE 11.2b
US DONSAT=--1983 INTRODUCTION OF
ION ENGINE TECHNOLOGY
NO. OF
CAPACITY LAUNCHES
(K CKT/2)
14.08 1.00
154 .38
16.9 34
18.6 « 37
23.5 axll
2245 1l
24.8 +488
273 1.04
32-0 s09
35.6 o 75
38.3 93
Li.9 o34
45.9 +99
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12746 274
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168.9 3:.23
185.5 3.d6
203.9 4e21
220 e Letl
24643 5e08
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PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1981 AND 1982 FOR U. S. HANUFACTURE AND

U. 8, USE - §71.09 MILLION
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LAUNCH SCENARIC FOR ION ENGINE TECHNOLOGY INTRODUCTION INTO THE INTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 11.3a

bl LNTELSAT ATLANTIC AND PACIFIC=--1981 INTROOUCTION OF iy
rann ION ENGINE TECHNCLOGY bk
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TABLE 11.3b

INTELSAT ATLANTIC AND PACIFIC--1983 INTROOUCYION OF b ddt
ION ENGINE TELHNOLOGY

COST PER SATELLITE

SATELLITE
tME)
35.4
3T.7
4.5
L3.6
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58.0
bheB

" B59.6
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39.5
116.9
Iib4.8
123.4
132.6
142.5
153.2
L1hL.7
177.0
196.3
2046
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correspond to the U. §. DOMSAT market for introduction in 1981 and 1983,
respectively, of the ion engines. Both scenarios correspond to the demand,
satellite cost, and satellite capacities of Figures 10.1 through 10.3 except
that the satellite capacity is considered to increase by 2000 half circuits
and the satellite cost by two millfon dollars at the time of the introduc-
tion of the ion engines. The increase in capacity and cost correspond approxi-
mately to the addition of two transponders to the satellite. The sixth column
of each table, discounted U,S5.-U.S. cost, contains the annual expenditures

for satellite purchase and launch, and are the same for Tables 11.2a and 11.2b
except for the years 1981 and 1982, The difference in the values between

the two tables represent the value of early introduction of ion engine
technology into the U.S. DOMSAT market, Tables 11.3a and 11.3b present
corresponding data for ion engine applications te the Atlantic and Pacific
regions of the Intelsat system. The decrease in sat-~llite construction and
launch costs associated with ion engine technology appearing early (1981
rather than 1983) is 2.71 miliion dollars for the DOMSAT application

and 1.09 million dollars for the Intelsat Atlantic-Pacific applications,

for a total gross benefit of 3.8 million dellars, discounted to 1975.
Application of the equation for equivalent annual benefits (EAB) given in

the preceding section yields an EAB (gross) of 6.7 million dollars per year
for the assumed l0-year operating interval.

Application of the screening methodology to ion engine technology
results in a resultant score or net present value of 3.2 million dollars.
Figures 11.1-11.11 are sensitivity plots which show the effect upon this
screening score of variations in the assumed input parameters, All sensi-
tivity plots vary the input parameter from 50% to 150% of its nominal value.
With the exception of semsitivity with respect to discount rate, all
resulting sensitivities are essentially linear. The sensitivity plot for
a net present value as a function of discount rate is seen to reach a
maximum NPV for a discount rate of about 7.5%. This nonlinear form of NPV
as a function of discount rate, with a maximum occurring within a reascnable
discount rate range, has occrrred on several of the technologies being
screened. Table 11.4 presents the slopes of the sensitivity plots for

ion engine technology.
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TABLE 11.4

SLOPES OF ION ENGINES NPV SENSITIVITY PLOTS

Variable Slope

Time Delay 500 k$/year
Annual Costs for Basic R&D -.30 k&/year
Length of Basic R&D Interval 373.33 k$/year

Probability that Industry will Implement the Technology 3773.58 k$

Annual Costs During Applied R&D lnterval -0.08 k&/k$
Length of Applied R&D Interval -275 k$/year
Anrual Costs in Industry Construction Interval -.15 k$/k$
Length of Industry ConsLruction Interval -250 k$/year
Annual Benefits .56 k$/kS
Length of Operating Interval 290 kS/year
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11.3 Assessment of Ilon Engine Technology

Application of the assessment methodology requires specification of
lower and upper bounds and the modal value for each of the input parameters
of screening. Alternately, the mean and standard deviation may be specified
for each parameter. In either case, the analytic approximation used in
assessment assumes a Gaussian distribution for the parameters. (The Monte
Carlo simulation method utilized in obtaining data for the ranking methodology
does not make the simplified assumption but rather uses the Beta distribution.)
Table 11.% contains the input data used for assessment of ion engine technology.
The assessment (risk analysis) for ion engines indicates that the
assumed Gaussian distribution of the net present value of the technology
development has a mean value of 3.2 million dollars and a standard deviation
of 779 thousand dollars. Figure 11.12 contains both the preobability density
function and the cumulative distribution function for a normalized Gaussian
distribution. Note that the abscissa variable in each plot is NPV (as in
the Monte Carlo simulation CDF plots used in the ranking methodology), but
normalized by subtraction of the mean and division by the standard deviation
of the distribution. These two constants, W and 0 are the values of the
mean and standard deviations printed at the end of the assessment (risk

analysis) program.

11.4 Data for Ranking of Ion Engine Technology

The relative ranking of the techuology development programs will be
based upon parameters taken from the NPV cumulative distribution functions
(CDF) for the technologies. These CDFs are established by a Monte Carlo
simulation using Beta distribution random number generators for the input
parameters of the NPV equation., For ion engine technology, the input
parameter ranges are the same as those presented in Table 11.5 for assessment.
Table 11.6 shows the Monte Carlo CDF for ion engine technology after 600
random samples of input parameter values were processed. The table represents
sufficient information for the construction of a histogram of the net present
value and presents the sample mean and sample standard deviation values after
100 samples were processed; after 200 samples were processed; ...; and after

600 samples were processed. The sample mean afiter 600 samples is 3.2 million
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TABLE 11.5

GUICK RISK ANALYSIS FOR ION ENGINES

3Z21¢9.4
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TABLE 11,6, SAMPLE-ESTIMATE CDF FOR ION ENGINE TECHNOLOGY

INTERVAL ENDPOINTS OCCURRENCE FREQUENCY (%)
1 600.0 900.0 0 0
2 900.0 1200.0 1 0
3 1200.0 1500.0 0 0
4 1500.0 1800.0 8 1
5 1800.0 2100.0 39 7
6 2100.0 2400.0 49 8
7 2400.0 2700.0 75 13
8 2700.0 3000.0 85 14
9 3000.0 3300.0 80 13
10 3300.0 3600.0 73 12

11 3600.0 3900.0 77 13
12 3900.0 4200.0 57 10
13 4200.0 4500.0 23 4
14 4500.0 4800.0 18 3
15 4800.0 5100.0 7 ]
16 5100.0 5400.0 4 1
17 5400.0 5700.0 2 0
18 5700.9 6000.0 1 0
19 6000.0 6300.0 1 o0
20 6300.0 6600.0 0 0

Total Occurrences between NPVMIN and NPVMAX = 600
Total Qrecurrences below NPVMIN = 0
Total Occurrences above NPVMAX = 0

NO. OF SAMPLES MEAN STANDARD DEVIATION
100 3211 761
200 3166 778
300 3190 795
400 3178 7717
500 3202 771
600 3202 775
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dollars and the sample standard deviation is 776 thousand dollars; these
values are in close agreement with those produced In the anmalytic analysis
of assessment, TFigure 11.13 contains the histogram of the Monte Carlo simu-
lation results. The height of each bar is proportional to the number of
sample NI'Vs occurring within an interval of width 600 thousand dollars.

The interval number is labeled at the bottom of the plot, and a scale
indicating the actual NPV is at the top ﬁf the plot. The histogram indi-
cates that ‘the distribution is essentially unimodal and near-Gaussian in
shape. Figure 11.14 displays the data of the histogram in a different form;
here the data points have been normalized by dividing by the total number

of occurrences and by the width of the NPV interval so that the resulting
curve represents the probability density function (with unity enclosed area).
Figure 11,15 shows a plot of the cumulative distribution functiom, the
integral of the probability density funection. It is this cumulative distri-
bution function which supplies the parameters to be used in ranking this
technology against other technologies in Section 14. For the ion engine
technology, it is seen that essentially all of the sample NPVs lie between

about 1.2 and 6.0 million dollars.
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i SECTION 12
i COST-BENEFIT ANALYSIS OF A LOW COST EARTH STATION TECHNOLOGY

Current technology ground station receivers utilize a low noise amplifier,
a mixer with local oscillator to translate the received RF signal to an inter-
mediate frequency, and a demodulation device for recovering the baseband signal.
Significant decreases in the cost of the ground station equipment can be realized

if a direct demodulation techmology not requiring the local oscillator and the

o mixer can be developed. The potential exists for the development of direct de-
modulation receivers utilizing uncooled degenerate parametric amplifiers with

phase~lock loops. Such a system has been developed at Hughes for limited de-

b viation video signals, and it has been forecast that further development of this
technology will result in a $1,000 reduction in the cost of a small earth station
(approximately 10 ft. antenma).

12,1 Screening of Direct Demodulation Technology

The parameter values shown in Table 12.1 have been selected to represent
the direct demodulation technology program. The basic research and development

program is estimated to require one year and cost 150 thousand dollars. The

b

likelihood of U.S8. industry implementing this technology after such a NASA

e

R & D program is estimated at 95%Z. The application program is estimated to

require an industrial expenditure of 125 thousand dollars over a one-year period

for applied research and development and prototype development. It is assumed

that the technology would continue to be incorporated in low cost earth stations
for 20 vears after its introduction without significant modifications to the

basic technology. It is estimated that the time delay in the availability of

T ey

direct demodulation resulting from NASA not pursing its development is five
years. ‘

Calculation of the equivalent énnual benefit (EAB) for the NASA sponsored
development of direct demodulation technology is based on a cost reduction
(savings) of one thousand dollars per earth station. It is further assumed that
i the sale of such earth stations will increase linearly with time from 500
units/year in 1979 to 10,000 units/year in 1998, for a total sales of 105

thousand units in the twenty-year period. Table 12.2 contains a tabulation
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TABLE 12.1

SCREENING PARAMETERS FOR DIRECT DEMODULATION TECHNOLOGY

-

SCREaNING FOR 1DLGENERATE PARAMP

xrrxxx  INPUT PARAMETERS ARE AS FOLLOWS

PEYS33

(COSTS AND BaNeFITS IN THOUSANDS OF DOLLARS)

TINME OZ¢AY (YRS) sacasesessscscesuscanose
DISCOUNT RATE sececcvnssnecnsnsscsncoensa

NASA R&D A .

CONDITIONAL PROASBILLYY wevavesesscoscss
ANNUAL BENEFITS o PN A e IRNRNODANTASSSRD eI
ANNUAL COSTS 20 8 0 AR AESDEOD OSSR ESARRDN
LENGTH OF INTZRVAL {YRS) ssesscovsconns

INDUSTRY RED .
CONDITIONAL PRO3ABILITY sswsveccovsascsens
ANNUAL COSTS T EEEEEENENNEE NN NEINEIEN NN E BB BN
LENGTH OF INTERVAL (YRS} eececssnveascsas

INDUSTRY CONSTRUCTION

COMIITIONAL PRUBABILITY scasssscocsacses
ANNUAL BENEFITS YR ERX EENNENENE &I N I R
ANNUAL COSTS 93909 3R 0C AT PONSSEGTEIERERS DY
LENGTH OF INTERVAL (YRS) cesesscsssssaa

OPERATION TIMZ

CONDITIONAL PROSABILITY setsescsosscevec
ANNUAL BINEFITS ssasssecsscssceasscsscss
ANNUAL COSTS sessstessasnsscososnssaanse
LENGTH OF INTERVAL {YRS) cesescossesssana

5.00
«06

1.00
0.00
15G.00
1.00

«95
0.00
100,00
«50

1.00
0.00
150.00
~ 50

1.00
4300.u0
.00
20.00

THE NET VALUE (K$) INCLUDING LAG TIME ZQUALS ==

1u870.9
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T4ble 12.2. Benefits of Direct Demodulation Technology

YEAR
(K$)
1979
1980
1981
1982
1983
1984

1985

1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998

SAVINGS

(K$)

500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500

10,000

27%

DISCOUNTED SAVINGS
(K$)
472
890

1259
1584
1868
2115
2328
2510
2664
2792
2897
2982
3047
3096
3129
3149
3157
3153
3140
3118
$49,350K ('78)




of the yearly savings and the discounted benefits. The gross benefit

sums to $49.35 M (discounted to 1975) and results in an equivalent annual
bennfit (EAB) of $4.3 M for the 20-year period. For the input parameter
values of Table 12,1, application of the screening methodology to the low

cost earth staticn technology results in a score, or net present vélue,

of $10.9 M dollars. Fipures 12.1-12.1l1 are sensitivity plots which show

the effect upon this screening score, NPV, resulting from variations in

the assumed values of the input parameters. All sensitivity plots vary

the input parameter from 50% to 150% of its nominal value. With the excep-
tion of sensitivity with respect to discount rate, all resulting sensitivities
are essentially linear, and a tabulation of their slopes is given in Table 12.3.

12.2 Assessment of Direct Demodulation Technology

Application of the assessment methodology requires specification of

lower amd upper bounds and modal value for each of the input parameters

utilized in screening. Alternately, the mean and standard deviation may
be specified. If minimum, modal, and maximum values are specified, the
analytic approximation used in assessment computes an "equivalent” mean
and standard deviation for a Gaussian distribution. (The Monte Carlo
simulation method utilized in the ranking methodology does not make the
simplified assumption, but rather uses the Beta distribution.) Table 12.4
contains the input data used for assessment of direct demodulation technology.
The assessment, or risk analysis, for this low cost earth station
technology indicates that the assumed Gaussian distribution of the net
present value of the technology development has a mean value of 10.5 M
dollars and a standard deviation of 2.1 M dollars.
12.3 Data for Ranking of Direct Demodulation Technology

Ranking of the technology development programs will be based upon
parameters taken from the NPV cumulative distribution functions. These
CDFs are established by a full Monte Carlo simulation using Beta distri-
bution random number generators for the input parameters of the NPV equation.
For this low cost earth station technology, the input parameter ranges
are the same as those presented in Table 12.4 of the assessment application.
 Figure 12.12 contains the histogram of the Monte Carlo simulation results.

The height of each bar is proportional to the number of sample NPVs occurring
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TABLE 12.3

SLOPES OF DIRECT DEMODULATION TECHNOLOGY FOR
LOW COST EARTH STATION RECELIVERS
NPV SENSITIVITY PLOTS

Variable Slope
Time Drlay ' 1800 k$/year
Annual Costs for Basic R&D ~.25 k$§/k$
Length of Basic R&D Interval -650 k§/year
Probability that Industry will Implement the 12,000 k8§
Technology
Annual Costs during Applied R&D Interval -.11 k8/kS$
Length of Applied R&D Interval -1600 k$/year
Annual Costs in Industry Construction Interval ~-.12 kS$/k$§
Length of Industry Construction Interval -700 k$/year
Annual Benefits 2.35 k3/k$
Length of Operating Interval 300 k$/year

within an interval of width 650 K dollars. The interval number is labeled
at the bottom of the plot, and a scale indicating the actual NPV is at the
top of the plot, The histogram indicates that the distribution is essen-
tially unimodal and near-Gaussian in shape. Figure 12.13 displays the data
of the histogram in a different form: here the data points have been norma-
lized by dividing by the total number of occurrences and by the width of
the NPV interval so that the resulting curve represents the probability
density function (with unity area). Figure 12.14 shows a plot of the
cumulative distribution funetion. The integral of the probability density
function. It is this cumulative distribution functiom which supplies the
parameters to be used in ranking. For the low cost earth statrion technology,
it is seen that essentially all of the sample NPVs lie between about 5 M

and 16 M dollars.
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TABLE 12.4
ASSESSMENT PARAMETERS FOR DIRECT DEMODULATION TECHNOLOGY

QUICK RISK ANALYSIS FOR 1DEGENRATE PARAMP

*exxxe  INPUT FARAMETERS AREZ AS FOLLOWS  ¥¥¥exs

DISCOUNT QATE LB BN BN I BN B BN BN NN BN BN N BN IR BN AN ] l06

INPUT 3ETA PARAMETERS
VARIABLE MIN MGDAL MAX
TIME BELAY {YRS) sveascscsansacs 3.00 5,00 &, 00
NASA RED
CONDITIONAL PROBABLILITY asseveass 1.0G0 1.00 1.00
ANNUAL BENZFITS (K2) cavescoece J.0D U.b0 0.00
ANNUAL COSTS (K%) sscsanssnaanc iubG.80 3.5[].L|0 Zﬁﬁoﬂﬂ
INTEQVAL LENGTH (Y‘{S, [ EEREEFERER 1.00 1000 l-ﬂU
INDUSTRY R&D
CONDITIONAL PROBABILITY esssaas +85 +25 1.00
ANNUAL BENEFITS (K$E) esscsosssc 0.00 0.00 D.00C
ANNUAL COSTS (KZ} sscownesonsse ?5.00 100,040 128,00
INTERVAL LENGTH (YSS) sscesansns 50 510 54
INDUSTRY CONSTRUCTION
CONDITIONAL PROBABILITY sesaans ielu 1.04 1.08
ANNUAL BENEFITS fK:B’ B8 A B 4408 S GGUU ﬁo[’ﬂ D.Dﬁ
ARNNUAL COSTS (K$1 ceevssoscanse 160.060 15u.00 300.00
INTEZRVYAL LENGTH (¥YRS) swenvveve «50 .50 e 50
OPERATION TIME
CONDITIONAL PROSBASBILITY ceossae L.00 La.G0 1.00
ANNUAL 3ENEFITS (K$) eewevenses 2000.00 4300.00 5200.08
ANMUAL COSTS (K3} scssassanaass .00 «00 «00
INTERVAL LENGTH (YRS) sosecoetsnae 14,00 2Gav 26.00

THE ZXPECTED NET VALUE (K3%) CQUALS ==
10u47b.32
STANDARD DEVIATION cQUALS ==

2(91.5

AIPRODUCELL

ORIRENAL PAG
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SECTION 13

COST-BENEFIT ANALYSIS OF ADDITiDNAL TECHNOLOGIES

Detailed analyses of ion engine technology and a low cost earth station
technology have been presented in the previous two sections. This section
presents, in sﬁmmary form, the screening and assessment results and data

for ranking of seven additional techmologies:

|

Millimeter Communication System

Laser Communication System

RF Attitude Sensor

Solid State Power Amplifier

Multibeam Satellite Antennas

Advanced Solar Arrays

Adaptive Heat Pipes

The following analyses are essentially the same as in Sections 11l and 12,
but the associated sensitivity plots have been placed in Appendix IT.

The reader should be reminded that application of the assessment and ranking
methodologies is normally made for only a portion of the technologies which
are screened; the complete methodology is applied to all technologies
screened here to demonstrate consistency of the methodologies. The section

concludes with a summary of screening and assesswment results.

13.1 Millimeter Communication System

The combination of (1) the projected exponential growth in demand for
space communication channels and (2) the ipherent limitation in the number
of synchronous communication satellites sharing a common frequency and area
of céverage upon the earth's surface will reqﬁire'the development of  space
communication technology capable of operating in frequency ranges other than
the C-band and Ku-band frequencies currently utilized for space communica-
tions. Federal and world regulatory agéncies have set aside frequencies
around 40 and 80 GHz for space communication systems; the millimeter wave
communication technology considered in this evaluation is intended to oﬁerate

at 40 GHz. A 40 GHz system will not only have the advantage of introducing
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a new frequency band but also will have twice the RF bandwidth allocated for
either of the two lower—-frequency bands. Tf one assumes that the required
technology can be developed for dual polarizaﬁion operation, then the
communications capability at 40 GHz could be twice that available at the C
or Ku-band. This simplified estimate of course ignores the space diversity
requirements associated with the high attenuation in rainfall at this higher
frequency, but it also does not account for the positive attribute of
tighter antenna beamwidths available for reasonable size antennas. In any
case, the introduction of this new communication band is necessary if the
space communications industry is to meet the projected demand for services.

The implementation of millimeter wave space communication links will

.require advances in several technology areas: sources, receiver components,

waveguide components, millimeter wave antennas, etc. Table 13.1 contains
an itemization of the required sub-technologies and the estimated development
cost of each item. Figure 13.1 shows the resulting system block diagram.

As a result of discussion of the impact and development costs of millimeter

communications technology with several industrial and governmental groups,

the screening parameter values shown in Table 13.2 have been selected. The
basic research and deveélopment program includes subsystem development and
a flight demonstration test. It is estimated that such a program would
require six years and cost $42 million (see Table 13.1). The likelihood
of U.S. industry implementing millimeter communicationg technology in
commercial communication satellites after such a NASA R&D program is
estimated at 80Z. The application program is estimated to require an industrial
expenditure of $8 million over a four-year period for an applied research
and development and prototype development program. It is assumed that the
millimeter communications technology would continue to be incorporated in
communications satellites for 20 years after its introduction without signi-
ficant modifications to the basic technology. It is estiméted that the time
delay in the availability of millimeter communications technology resulting
from NASA choosing to not pursue millimeter communicatio~ system development
ig 10 years.

Calculation of.the equivalent annual benefit (EAB) for the NASA sponsored

development for millimeter communications technology is based on the fractiomal




s L e P - e — e —,

40 GHz MILLIMETER WAVE COMMUNICATION SYSTEM:

TABLE 13.1

Required Basic Research and Development

Atmospheric investigations at 40 GHz: attenuatiom, spatial
diversity, correlation measurements, fading & fading rates,
adverse weather, cumulative attenuation studies, data
analysis, ground truth data.

Solid state transmitter and L. O.

Modulator

So0lid state amplifier

Multi-spot antenna

Phase locking experiments

Up—converter RF-40GHz and 4-40GHz

40 GHz multiplexing

Space-borne 40 GHz components

ATS type experiments at 40 GHz (commun. exp)

Ground station equipment: antennas, signal-processing
equipment, mm receive/transmit

hulti-channeled space qualified system

Flight test in space environment demonstration experiments
Uncooled Par. Amp.

Mixer/Receiver

TOTAL BASIC R & D COST

Cost of Subsequent Industrial R & D

a.

Atmospheric‘investigations at 40 GHz
50lid state trausmitter and L. O.
Modulator

So0lid state amplifier
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SATELLITE~TO-GROUND

1.0

10.0

2.5

2.5

15.0

0.5

0.5

$42.2

$0.5M
1.0
0.4

0.5

oy
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TABLE 13. 1 (continued)

e. Multi-spot antenna

f. Phase locking experiments

g. Up-—converter RF~-40GHz and 4--4GHz

h. 40 GHz multiplexing

i. Space-borne 40 GHz components

j. ATS type experiments at 40 GHz (commum. exp)

k. Ground station equipment: antennas, signal-processing
equipment, mm receive/transmit :

l. Multi-channeled space qualified system

m. Flight test in space enviromment demonstration experiments
n. Uncooled Par. Amp.

0. Mixer/Receiver

TOTAL

Industrial Construction Communication System
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$ 0.7 M
0.15
0.3
0.3
0.3

0.0

6.5
0.6
0.0
0.5
0.3

$56.05 M

$2.0 M
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TABLE 13.2

SCREENING PARAMETERS FOR MILLIMETER COMMUNICATIONS

SCREENING FDR MM COMMUNICATIONS

¥¥xxe¥  INPUT PARAMETERS ARE AS FOLLOWS  #%%%%%

TIME DELAY FACTOR (YR5) serucsvssnnnans 1a.00
DISCOUNT RATE ovininnnaneconorsnonnsase B4
NAsSA DEVELOPMENT

CONDITIONAL PROBABILITY susivewnasnnncan 1.80
ANNUAL BENEFITS (K$) tevvennsnnnnasnnas G.og
ANMUAL. TOSTS (K#H) voneuvienannnsssnnnnss 7006.00
LENGTH OF INTERVAL (YRS) .+..... s L.B0
INDUSTRY R%D

CONDITIONAL PROBAEILITY wueennanerannses B
AMNUAL. BENEFITS (K$) cucnuecrsnsnncanns W.od
ANNUAL COSTS (K$) siviucavennnnsnsnncns SHB0.H0
LENGTH OF INTERVAL (YRS) .uiievensnnnns Z.10
INDUSTRY CONSTRUCTION

CONMDITIONAL PROBABILITY cuivivencans saaa 1.66
ANNUAL BENEFITS (K$) ..vavionrneannnnna @.00
ANNUAL. COSTS (K$) tnienevenoscnrsanns .. 190@.00
LENGTH 0OF IMTERVAL {YRS) «.ivevecernnnns Z.68
DPERATION TIME

CONDITIONAL PROBABILITY ..... Rt aasenaaa 1.040
ANNUAL BENEFITS (K$) .uuivsevsvsnnnnaese 13006,00
ANNUAL COSTS (K$) ciuinecnrnrarsnnnnans 00
LENGTH OF INTERVAL (YRS} suivsvveanss o EG.006

THE NET VALUE (K$) INCLUDING LAG TIME EQUALS --

237781
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satellite launch schedule of Tables 13.3 and 13.4. Tables 13.3a and 13.3b
correspond to the U.S. DOMSAT market for introduction in 1986 and 1996,
respectively, of the millimeter technology. Both scenarios correspond to

the demand, satellite cost, and satellite capacity of Figures 10.1 through
10.3, except that the satellite capacity is considered to increase by 50% of
its 1986 value and the satellite cost to increase by 35% of its 1986 value

at the time of the introduction of the millimeter wave technology. The sixth
column of each table, discounted U.5.-U.S. cost, contains the annual expen-
ditures for satellite purchases and launch, and is the same for Tables 13.3a
and 13.3b, except for the years 1986-1995. The difference in the values
between the two tables represents the value of =arly introduction of
millimeter communications technology into the U.S. DOMSAT market. Tables
13.4a and 13.4b present corresponding data for millimeter technology
applications to the Atlantic and Pacific regions of the INTELSAT system. The
decrease in per channel satellite construction and launch cost associated
with the téchnology appearing early is 34.5 million dollars for the U.S.
DOMSAT and 13.5 million dellars for the INTELSAT, for a total gross benefit
of 48 miliion dollars, discounted to 1975. Application of the equation for
equivalent annual benefits (EAB) yields an EAB of 18 million dollars per
year for the assumed 20 year operating integral.

The resulting screening score {(net present value) for millimeter
techunology is 23.8 million dollars. The sensitivity plots which show the
cffect upon this screening score of variations in the input parameters are
in Appendiﬁ II. A tabulation of the slopes of the sensitivity curves is
given in Table 13.3.

The expected range of each of the input variables to the screening
equation is used in assessment. Table 13.6 presents the input data for the
agsessment program application of millimeter wave technology. The standard
deviation of the assumed Gaussian resultant distribution of mnet present value
ig $11.5 million and the mean value is $24 million. Application of this
mean and standard deviation to the generalized Gaussian curves of Figure
11.4 will give the analytic approximation to the cumulative distribution

function.
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LAUNCH SCENARTO FOR MILLIMETER COMMUNICATIONS TECHNOLOGY INTRODUCTION
INTO THE U.S. DOMSAT MARKET

TABLE 13.3a

US DOH3AT-—-14Y86 INTROOUCTION OF
HILLIMETEC COMMUNICATICNS TEZCHNALOGY

LIFS SATELLITE

(YZ4LR3) (M3}
1575 7 3%.9
L3735 7 7 5
L3ty 7 LR
%378 b 43.5
1373 7 el
1330 7 SLa.2
1331 7 Shal
17322 i 58.%
1333 7 LYY
1350 7 67.1
1335 4 72.1
1930 3 93.49
i 147 8 Q8.3
1533 a3 105.1
1339 ] 113.8
1310 8 119.1
1391 8 12049
1332 d 135.2
1533 9 14k 2
3394 L] 133.3
L%33 ] ab4.2
133 3 175.3
1337 a »87.3
1333 -] Lhda2
1699 ] 24k
2Cat 3 22849
2Cael L] 265.9
2uv 3 2e2s2
2543 L) 219L.7
2Ci4 & JAG.5
2625 ) 321.19

JHI J0 AITITamnnaodday

By

COST PER SATELLITe

CAPACITY
X CXT/2)
1ual
15.4
10.9
1.6
TR
2.5
ChaB
27.3
23.0
33.0
Jo.¥
53.9
5749
E2.3
£r.2
T2.5
73.3
8.8
91.8
Q346
1i8.2
117.6
123.9
133.4
15%1.9
165.7
185.9
197.5
21349
Zidal
258.3

NG. QF
LALNCHES

1.00
« 31
34
« 37
«Gi
- ey
« 48

leun
.?3
|aa
«a7
«70
79

leuw

1.19

laa5

1.28

1.d3

1.50

L8506

L84

2418

2435

2454

Y s-]

2

PR

Jead

2.38

“egl

LXS-1)

OISCIUNTLD
Us-us €osT
M%)
i5.00
11.04
12.80
1347
lu.88
1603
32.79
38.28
26.90
29.19
31.56
30.50
23347
4337
504563
LheSh
S0.R2
4ieB3
57.69
027D
B‘Sozl
TTells
LY+
83,19
qr.77
10558
1id.75
131.50
14557
fu2.€7
AdG.27

PROJECTED COST OF SATELLITES (INCLUDING LATUNCH)
BETWEEN 1986 AND 1995 FOR U. S. MANUFACTURE AND

U. §, USE ~ §482.38 MILLION

= LWL

suma
s ERR

DISCOUNRTED
Us~-FOR COST
{43)
3.09
0.60
0.00
g.00
0.00
J.00
g.00
9.00
C.00
B.06
0.00
D.40
2,60
J.00
G.00
0.00
B.00
0.00
Jo00
L.20
1.00
ba00
J«50
0.G0
2.06
Ge00
0.00
.00
.00
0.01
d.03

saesn
anmsy

YEAR

1975
1976
1977
1978
1979
1940
19481
1982
1983
1984
1985
1986
1947
1988
1939
1990
1991
1992
1993
994
1945
1896
1997
1998
19499
2008
clut
2hpe
2063
20un
205

TABLE 13.3b

US DOHSAT=-1995 INTRODUCTION OF
HILLIMETEF COMHUNICATIONS TECHHOLOGY

SATELLITE COST PER SATELLITE

LIFE SATELLITE
{YEARS) (HE}
35.0
37.6
‘.Bl‘.
3.5
Lbe7
50.2
SLo.l
5841
6244
671
T2.1
T7.5
8.4
89.56
96.3
103.6
112.3
119.7
128.7
138.+3
148.7
17%.3
1073
2{u.2
216.1
228+9
245.0
262.2
280.7
300.5
321.9

OO PO T RDETDEOI MO N NN NN NN

CAPACITY
(K CXT7/72)
14l
15.4
15.9
18.56
20.5
225
Clra8
£T«3
20.0
33.€
36.3
39.9
43.9
4B.3
53.2
58.5
Eued
70.8
77.8
£5.6
W
117.6
125.C
139.4
151.9
16547
180.9
197.5
215.9
c3bal
25843

hDs OF
LAUNCHES

1.390
.31
34
«37
«40
o lysy
«38

1.04
73
-8“
« 87
«35

1led4

1430

1.50

1.43

1.55

1.25

1.78

1.494

cell

2'12

2435

2450

2.75

2a8%

330

3-92

3.98

el

Wadl

DISCOUNTED
US=-US COST
4,441
35.00
11.04
12.20
13.47
14.28
16e43
32.79
33.30
264934
232319
31.686
34e23
37421
4759
52.99
53417
S5hedl
43.30
6«75
65467
7045
TTslh
At 22
08.49
Q777
10%.51
118.75
131.5¢C
145457
162.¢€7
180427

PROJECTED COST OF SATELLITES (INCLUDING LAURNCH)
BETWEEN 1986 AND 1995 FOR U. S. HANUFACTURE
AND U. S. USE - $317.37 MILLION

se8s
sers

DISCOUNTZD
U5-FOR CIST
i~
Jede
el
J‘;J
J.L2
S«2C
1420
MY T
Je3C
Jeid
Je 10
Q.00
8.:53
n.;:‘
Jetl
(el
deJd
da 30
3.33
Jadd
detid
Js 20
3.33
dsL0
deil
J.28
0.ul
Jaii
J.C0
3-30
3.0
Q.40




LAUNCH SCENARIQ FOR MILLIMETER COMMUNICATIONS TECHNOLOGY INTRODUCTION
INTC THE INTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 13.4a TABLE 13.4b

L INTELSAT ATLANTIC AND PACIFIC-~5986 INTROQOUCTION OF rren #8480  INTELSAT ATLANTIC ANG PACIFIC=--19%56 IHNTROODUCTIOR OF Rl

rore MILLIMETER COMMUNICATIONS TECHNQLGGY A bty HILLIMETER COMMUNICATIONS TECHNQLOGY sose
YEAR SATILLITE COST PER SATELLITE  NOs. OF DISCOUNTED DISCOUNTED YEAR SAYELLITE COST PER SATELLITE NO. GF OISCOUNTED OISCOUNTED
LIFZ SATeLLITE CAPACITY LAUNMCHES US«US COST US-FQR COST LIFE SATELLITE CAPACITY LAUNCHES US=-US COST US=FCR CI5T

(YEARS) (HB) (K CKRT/72) . {HE) tHT) {YEARS) tH3) {K CKTrs2} [£:1 1] (4 3]

1975 7 35.0 10.6 1.00 17.50 17.50 1975 7 35.0 10.0 1.00 17.50 i7.50
La7s T 37.7 Lasl 0.0 .00 G.0d 1976 7 37.7 11.1 030 0.99 dado
L1977 7 4G5 iZ.3 «3U 5435 5.35 1977 7 405 1243 «38 5+35 5435
1ars 7 42.6 13.7 +31 HeB2 4482 1978 7 453.6 13.7 31 4e92 ha M2
14979 H 46.9 15.2 « 36 13.14% 1314 1974 7 L1:-T%) 15.2 «36 13.14 13.14%
1930 7 SCe> 16.9 +33 12.52 12,52 1930 7 5.5 16.9 «43 12.%¢ 12.52
1831 7 Glhe . 18.7 «37 S.60 5460 1981 7 S54.3 ib.7 «37 Sebd Sanl
1932 7 58.4 E0.B .88 13.LC8 13.00 1952 7 S8t £0.8 «38 13.00 13.L0
1423 Fa GZe8 234 T 6.17 6417 1983 7 Bied <30 1Y Bel7 Bel7
1934 7 - ¥ 4% ) 25.6 =59 8.53 3453 1984 7 676 256 «59 B.53 8.57
L9335 4 T2.7 2d4vh 63 840 §.90 1985 8 7267 2844 and 8.30 3.30
19456 ] 93.8 4545 Ol 10.67 ' 10.67 1946 a 8.3 315 92 12.08 12.85
1337 a 99.7 430 67 1t.90 10.90 1937 8 84.2 35.0 s 1 12.99 12.853
1938 .} 106.1 5248 +55 B.77 B.77 1948 8 906 38.8 «75 10.18 1028
14939 ;] 113.0 57.1 «78 11.99 11,99 1389 8 97«5 - 439 1.03 13.71 13.71
1930 a Lileh 61.8 +B6 J.85 9.85 19490 a8 1063 47.8 +85 11.09 11.2%
e 1932 E | 128.3 671 T7 1i.19 ti.19 1931 a8 1l2.8 53.1 98 12.%3 12403
o 1932 8 136.9 73.0 «5% Ba3l Ba30 1992 8 123.4 59.0 73 915 9.15
o 1933 3 1uEel 79eds 37 11 .83 11.43 1993 8 136.6 5.4 1.G5 12.83 12.47
1334 3 15k.0 17 ] 1.03 13.62 13.62 19134 8 140.5 7246 123 1h.63 14453
13335 8 106.7 EUTY:] 1.10 14.05 14.05 19495 8 151.2 806 1.29 14436 * 1ueds
1995 3 178.2 1L3.5 1.0% 13453 13.53 1936 8 178.2 103.5 1.09 13.53 13.53
1997 . 3 19645 113.3 1.2r 15.1% 15.14 1997 8 19045 113.3 i.27 15«14 15.34
1938 4 203.8 12443 1.27 lae62 14462 1938 8 2038 1iked 1.27 14.E2 14.62
1929 8 218.1 1254 1.39 16.10 1616 1399 8 21B.1 1364 1.39 16.16 13.26
2630 8 232.5 149.9 1.37 15.09 15,09 2000 8 233.5 149.9 1.37 1609 1529
20ul 8 2560 1E4.8 1.+58 18.569 18.69 2001 8 250.0 164.8 1.58 18.b9 15.69
2be2 8 2670 161t 1e74 2de Tl 20.74 20482 a 267.8 181.4 LTy 20.75 2le7u
2693 8 286.9 199,.8 1.6 22.34 22.3% 2003 8 28649 199.58 146 224 2234
FIY 3 3a7.5 220.2 1.9% 23.61 2Je61 2lon a 3075 22d.2 1e9% 23.E1 23.61
20605 a 329.7 429 2el2 26«01 2601 2005 8 329.7 24249 2e12 26401 25+01

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH} PROJECTED COST OF SATELLITES (INCLUDIKG LAUNCH)
BETWEEN 1986 AND 1995 FOR U, $. MANUFACTURE AND BETWEEN 1986 AND 1995 FOR U, S. MANUFACTURE AND

* U. S. USE - $111.20 MILLION U. 5. USE - §124.73 MILLION




TABLE 13.5

SLOPES OF MILLIMETER NPV SENSITIVITY PLOTS

Variable Slope
Time Delay 64.17 k$/year
Annual Costs for Basic R&D -1.63 k§/k$
Length of Basic R&D Interval -2550 k8/year
Probability that Industry will Implement the 13230.77 kS
Technology

Annual Costs During Applied R&D Interval -.55 k$/k8
Length of Applied R&D Interval -1450 k$/year
Annual Costs in Industry Construction Interval -.26 k§/kS
Length of Industry Construction Interval -1375 k$/year
Annual Benefits 2,73 k&8/k$
Length of Operating Interval 335 k§/vear
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TABLE 13.6

ASSESSMENT PARAMETERS FOR MILLIMETER COMMUNICATIONS

GQUICK RISK ANALY3IS FOR MM COMMUNICATIONS

¥#%¥%%  INPUT PARAMETERS ARE AS FOLLOWS  ##¥¥xsx

BISCOUNT RATE cewivvenssunnnann B

INPUT BETA PARAMETERS
VARIABLE MIN MODAL MAX
TIME DELAY {(YRT) teinersvnnnsns 304 149 .06 15.80
MASA DEVELOPMENT
CONDITIONAL PROBABILITY saeav.s 1.680 1.00 1.640
ANMUAL BENEFITS (K%} «iuaaxanna .00 1/ I 0] 5.0
ANNUAL CNSTS (K$) tricnnecencs . 4Agpd.e0 Tood.9d 10060.60
INTERVAL LEMGTH (YRS) ... eaann G B LY b B
INDIFSTRY DEVELOPMENT,
CONDITIONAL PROBARBILITY suo.aw.. B .20 25
ANMUAL BENEFITS (K$) ...ovuvaaqn il .@oa@ o.00 . B
ANNUAL COSTS (K$) wawswnsnvans. 1003.080 Z860.600 3060.00
INTERVAL LENGTH (YRS) ..... e 4.8 4,80 4.06
OFPERATIAON TIME
CONDITIDONAL PROBABILITY weawnso 1.00 1.60 1.0d8
ANNBAL BENEFITS (K$) cuviwvae.. SOOF.O0 185000.00 31000.00
ANNLUAL COSTE (K$) sisvswananaes ol  BY ol
INTERVAL LENGTH (YRS) seaicenanns 15.080 28 .t} £5.00

THE EXPECTED NET VALUE (K&) ERUALS --
£3823.8
STANDARD DEVIATION EQUJALS --

11452.3
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1.0
.60
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The Monte Carlo simulation of the NPV of millimeter technology used
the same ranges of input variables as in assessment. Figures 13.2, 13.3,
and 13.4 present the histogram, probability density function, and

cumulative distribution function, respectively, for millimeter communications.

13.2 laser Communication System

Laser communications systems, like millimeter wave communication systems,
will offer the advantages of large bandwidth amd high data rate. Poten-
tially, laser systems offer a wider bandwidth but the state of technology
development in millimeter systems is more nearly mature than that for laser
communications systems. Laser systems offer a significantly tighter beamwidth
than the millimeter systems; however, laser propagation is attenuvated by
weather conditions more than millimeter systems. Future applications of
laser space communication systems will include satellite-to-satellite links
as well as satellite-to-earth links. Research in laser communication systems
YAG:NEODYMIUM, HELIUM-NEON,

is now being conducted with several laser types; CO
GALLIUM ARSENIDE, etc.

2!

Estimation of the benefits of laser space communications technology is
complicater by the several potential applications of the technology. Although
one could speculate as to the benefit wvalue by assuming application similar
to that used in the millimeter system, an alternate approach has been taken
here. The numerical value of the gross annual benefit was systematically
varied in the screening application to determine that benefit which results
in a small positive net present wvalue of the technology development proéram.
This annual benefit value was then used as the base for the sensitivity
analysis, risk amalysis, and ranking procedure. This break-even value of
annual benefits for the development program is 4.5 million dollars per year.

Development of an optical space communication system requires research
and development in laser sources, wideband detectors, high data rate modu-
lation techniques, lifetime improvement, etc. Table 13.7 lists the CO2 laser
subsystems needing development and an estimate of the development costs.

The total estimated basic R&D costs is $19.3 million, and it is estimated
that four years would be required for the basic research program. The

likelihood of U.S. industry implementing laser technology in communication
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TABLE 13.7

002 LASER OPTICAL COMMUNICATIONS SYSTEM: SATELLITE-TO-SATELLITE

1. Required Basic Research and Development

a.
b.

C.

Laser tube development - improved lifetime
High data rate modulation development
Further receiver work

Waveguide laser techmnology

Background measurements (Spacelab)

Laser Stabillzation Technology

Engineering Model (Spacelab system) Laser Communication
System

Spacelab co, laser data relay link {(e.g., Spacelab/ground)
Acquisition, pointing and tracking experiments

Equipment performance evaluation (Spacelab)

Communication channel measurements

Communication demonstration experiments

Atmospheric propagation measurements

Synchronous orbit satellite-to-satellite communications systems
{does not include satellites)

TOTAL BASIC R & D COST

2. Cost of subsequent industrial R & D

Laser tube development - improved lifetime
High data rate modulation deﬁelopment
Further receiver work

Waveguide laser technology

Laser stabilization technology

Engineering Model (Spacelab system) Laser communication
system

First Model Test Flight of System

3. Industrial construction: communication system
(not including vehicle)
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$0.60M
$1.0M
$0.60M
$0.40M
$0.5M
$0.30M

$2,5M
$1.5M
$0.75M
$0.50M
$0.75M
$1.5M
$0.4M

$8.0M

$19.3M

$0.30M
$0.40M
$0.30M
$0.20M
$0.20M

$la OM

$4.0M

$§3.0M




satellites after such a basic R&D program is estimated at 70%. The applica-

tion program is estimated to require an indistrial expenditure of 9.4 million

dollars over a three year period for applied research and development and

prototype development. It is assumed that laser technology would continue g
to be ihcorporated in communication satellites for 20 years after its '

introduction without significant modifications to the basic technology.

It is also estimated that the time delay in the availability of laser tech-

nology resulting from NASA not pursuing this technical area is 12 years.

Table 13.8 contains the input parameters for the screening program.

The resultant score (NPV) for the "laser system" is $1.1 million. The
sensitivity plots which demonstrate the effect upon the screening score of
variations in the assumed valnes of the input parameters are in Appendix II.
Table 13.9 gives the slopes of each of the sensitivity curves.

The minimum, modal, and maximum wvalues of the input parameters for the
assessment (risk analysis) program are given in Table 13.10. The modal
values are the same as the parameters used in the screening analysis.

The resulting standard deviation of the assumed Gaussian NPV distributicn

of 32.7 million. For the mean of $1.1 million and the standard deviation

of $2.7 million, there will be a significant likelihood that the NPV will

be negative. This will be more evident in the follwoing Monte Carlo
simulation results. The basis for ranking of laser communications technology
is a 900-sample Monte Carlo simulation whose histogram probability density
function, and cumulative distribution function are presented in Figures
13.5, 13.6, and 13.7, respectively, The histogram in Figure 13.5 is

seen to be unimodal and near-Gaussian. Either of the three figures can be
used to observe that most of the sample NPVs lie between about -$4.4 million
and +$5.4 million. One can see from the cumulative probability distribution

plot that the probability of a negative NPV is 40%.

13.3 RF Attitude Sensor

The attitude control system for a spinning communication satellite
maintains correct orientation of the satellite spin axis, and the attitude
control system for a three-axis stabilized communication satellite maintains

desired orientation of all three body axes of the satellite. Attitude control
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TABLE 13.8

SCREENING PARAMETERS FOR LASER COMMUNICATIONS

SCREENING FOR ¢ - LASER COMMUNICATIONS

*%x%%x%  INPUT PARAMETERS ARE AS FOLLOWS #%%¥%%

i {CO3TS AND BENEFITS IN THOUSANDS 0OF DOLLARS)

f

| TIME DELAY (YR3) uiwvcnnesnsnssusnranvsns 1Z .90

E DISCOUNT RATE secevnvnaannnsrsnnnsnunnus b

- NazA DEVELOFPMENT

’ CONDITIONAL PROBABILITY .cencnaneannans 1.68

ANMUAL. BENEFITS .uivcannennnuswnnnsnnans 0o
ANNUAL COSTS s uasscacnssassnsnnnnannnas A32%. 00
LENGTH OF INTERVAL (YRS5) saiuencsenanann 400
INDUSTRY R. AND D.
CONMDITIONMAL PROBABILITY svacavsvrnavnnn e
ANMUAL. BENEFITS ..uuvecsssnsasannsnannns o.00
AMNUAL COSTS cuvveruscsnannasncvnnnsnnes ' 200.00

. LENGTH OF INTERVAL (YRS) scixaunnswwans Z2.00

{ INDUSTRY CONSTRUCTION

: CONDITIONAL PROBABILITY suuivvvenvanansy 1.68
ANMUAL BENEFITE toviuvrevnscnnenasnnnss .00
ANNIUBL CRETS vevannnnsoennsssnnnnnnnnns 30600.00
LENGTH OF INTERVAL (YR3) sevviassnansra 1.00
OPERATION TIME
CONDITIONAL PROBABILITY cuvsevsassvnuss 1.80

B ANNHAL BENEFITS .vsveavrasnsaanansanana 4500 .00
ANNUAL COSTS vesnsmcanunnssncannannnsns B
LENGTH OF INTERVAL (YRS5) ciuivenesnenans 20.00

THE NET VALLE (K$) INCLUDING LAG TIME EQUALS --

1131.48

REPRODUCIBILITY OF THl
ORIGEITAL PAGE 18 POOR
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TABLE 13.9

SLOPES OF LASER NPV SENSITIVITY PLOTS

Variable

Slope

Time Delay

Annual Costs for Basic R&D

Length of Basic R&D Interval

Probability that Industry will Implement the Technology
Aﬁnual Costs During Applied R&D Interwval

Length of Applied R&D Interxval

Annual Costs in Industry Construction Interval

Length of Industry Construction Interval
Annual Benefits

Length of Operating Interval

1735 k$/year
-2,27 k8/k$
-4500 k$/year
50000 k$

—.43 k§/k$
-3000 k$/year

~.41 k$/k$
~2675 k$/year

2.28 k8/kS

12530 kS/year
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ASSESSMENT PARAMETERS FOR LASER COMMUNICATIONS

BUICK RISK ANALYSIS FOR

ol B R H

DISCOUNT RATE

VARIABLE
TIME DELAY (YRS)

NASA DEVELOPMENT
CONDITIONAL PROBABILITY
A (NUAL BENEFITS (K$)
ANNUAL 120STS (K$)
INTERVAL LENGTH {(YRS)

INDUSTRY DEVELOPMENT

CONDITIONAL PROBABILITY
ANNUAL BENEFITS (K$)
ANNUAL COSTS (K$)

OPERATION TIME
CGNDITIONAL PROBABILITY
ANNUAL BENEFITS (K%)
ANNUAL COSTS (K%)
INTERVAL LENGTH {YRS)

TABLE 13.10

: LASER COMMUMICATIONS

4% s AW EENEHENR

% 9w ER BB

" K E 3 E LR R RER

INTERVAL LENGTH (YR3) ..

[ UK B BN )

PR RE Sy e

THE EXPECTED NET VALUE

1134.1

INPUT PARAMETERS ARE AS FOLLOKWS

oy

INPUT
MIN

5.89

1.69
9.0
2560.00
4.00

=)
v.60
2OB0 .60
2.006

1.68
3060 .66
. G
12.98

STANDARD DEVIATION EQUALS --

2687.7
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FHFXER

BETA PARAMETERS

MODAL

izlgg

1.60
@.60
4825 .04
4.00

78
B.00
3133.33
3.88

1.60
43566 .00
g 30]
213 . 09

(K$) EQUALS --

MAX

16.606

1.60
.00
7156.00
4.060

.90
B.648
4266.566
3.90

1.06
6800 .50
.06
23.00

COMFLUTED
MEAN

1z.60

1.046
g.06
4325 .60
4.00

78
0.050
3133.33
3.00

1.009
2580 .00
- B8
Z0.06



OENSITY FUNCTION
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Figure 13.6.

Laser NPV Probability Demsity Function.

310

-3C0C 4400 -3¢0 2803J 6400 18900
203 -
- NS=80C
15C
|53
= .
i 123
o=
o -
:_..J
- AT i
o TE: V\Z/
- ) \ /
' Y AN
JN WY
- \\._.\\‘,ﬂ / f":r i}l'|' i \ \ 1
O efrae o \////\ ‘i //F‘, /A‘-\\:':':-F:d oy
Z 4 8 ] 7 12 L4 1.8 18 20
NFV INTERVAL NJMBER
Figure 13.5. Laser NPV Histogram.
0 .GCZCZo
g GOC16 }///,f’\\\\
0-.8cflz \
0.0GCCH //
0-00C004 —J//Z/ \\\\
. .
0.33C55 : . : ;
-800C —4433 -BOC 2830 6400 |RHHH




PROBABILITY

CUMULATLVE

0.90

e

L~

-8C0C -4433

Fipure 13.7.

-B3CJ
NET PRESENT VALJE

Laser NPV Cumulative Distribution Function.

2800

311

f

Ks

1
f

5400




O S SRS RR

is required in order to point the satellite antennas at the desired region
of the earth's surface. TFor a three-axis control satellite, the attitude
control also keeps the solar cell array directed toward the sun.

Attitude control systems are composed of (1) attitude sensors, (2) a
control law, and (3) actuators. With current technology, the angular accuracy
of the attitude control system is limited by the accuracy of the attitude
sensors. These attitude sensors may be either (1) infrared earth horizon
sensors, (2) star or sun sensors, (3) inertial reference systems, or (4) RF
earth beacon trackers. Infrared horizon sensors are most frequently used
and offer attitude control systems with 0.1 degree accuracy in pitch and in
roll and 0.3 degree accuracy in yaw. Further improvement in the accuracy
of these infrared sensors is hampered by the nonspherical nature of the
earth's infrared horizon.

With a trend toward smaller beamwidth antennas, future attitude control
systems will be required to control larger, more flexible spacecraft with
more stringent attitude-pointing requirements. Estimates of antenna heam-
widths of 0.5 degrees and attitude control requirements of 0.05 degrees
in 1985 have been made. While RF attitude sensors such as interferometers
or monopulse trackers can be used to track a specifically designed beacon
signal from the earth's surface, they can also be used tc track directly
the transmitted communication signal from the earth station. These so-called
autotrack systems result in direct coutrol over the pointing of the antenna
itgself and therefore are not subject to the error introduced by thermal
distortion of the satellite structure normally encountered between the
antenna and the sensor location,

RF attitude sensors apparently are currently flying on classified
military satellites. Their performance figures are said to be good, but
advances need to be made in reduction of size, power requirement, weight,
and cost for these sensors to be competitive for application on commercial
communication satellites. The improved pointing accuracy of the spacecraft
communication antenna which is expected to result from the application of
RF autotrack systems will allow a corresponding decrease in the power margin
of the satellite transmitter and will reduce interference on the ground.

For purposes of this cost-benefit analysis, it is assumed that the tighter
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attitude control results in approximately a 1 dB increase in carrier~to-noise
ratio and a corresponding 27 increase in the channel capacity of the satellite.
It is also assumed that the cost of these attitude sensors is approximately 50%
greater than the cost of the current technology senscors.

As a result of discussions of the impact and development costs of RF attitude
sensors with industrial and governmental groups, the parameter values shown in
Table 13.11 have been selected. It is estimated that the basic research and
development program would require four years and cost $750 thousand. The like-
lihood of U. S. industry implemcnting RF attitude sensors in commercial commun-
ication satellites after such a NASA R & D program is estimated at 80%. The
application program is estimated to require an industrial expenditure of $600
thousand over a two-year period for applied research and development and prototype
development. It is assumed that RF attitude sensor technology would continue to
be incorporated in communication satellites for eight years after its intro-
duction without significant modifications to the basic technology. As in all
analyses of this report, the discount rate is assumed to be 6 per cent, Since
RF attitude sensor technology is at a reasonable advanced stage (with related
equipment being ruseasched for COMSAT and with some apparent military applications)
it is estimated that the time delay in the availability of RF attitude sensors
resulting from NASA not pursuing the development is three years.

The satellite capacity is considered to increase by 2% (of the 1982 capacity)
and the satellite cost by 5125 thousand at the time of the introduction of the
technology. Improved attitude (pointing) control is assumed to result in a 1
dB increase in assured S/N within the antenma beam. Since the channel capacity
is proportional to log (1 + S§/N), an increase of S/N from 20 dB to 21 dB results
in a 2% increase in chapnel capacity.

Calculation of the eguivalent annual benefit (EAB) for the NASA sponsored
development of the technology is hased on the fractional satellite launch schedules
of Tables 13.12 and 13,13, for introduction in 1982 and 1985 respectively, of the
sensors. The sixth column of each table, discounted U, 5. - U. S. cost, con-
tains the annual expenditures for satellite purchase and launch, and are the same

for Tables 13. 12a and 13.12b except for the years 1982 through 1984.
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TABLE 13.11
SCREENING PARAMETERS FOR RF ATTITUDE SENSORS

SCREENING FOR 3 RF Sz NSOR TECHNOLOGY

*x®¥%s  INPUT PARAMETERS ARE AS FOLLOWS

X

(COSTS AND 3cNEFITS IN THOUSANDS OF GOLLARS)

TIHE DELAY tYRS} #9200 0000988 ReASRODARNES
DISCOUNT RATE Y0 9FARSENPTOOIID RS RRNSI O

NASA RE&D

COMIITIONAL PROBABILITY sessscetsacsnes
ANNUAL BENEFITS e P30T HAEUDIBGBOEeS IRy ODSE
ANNUAL COSTS 028 &% HP 0N ® $Fanst Betanrm
LENGTH OF INTERVAL (YRS} eesscsconsascas

INDUSTRY RE&D :
COMDITIONAL PRUBABILITY cewssasvecscsssces
ANNUAL BENEFITS 20 49 4 /509 WSeROIBSIDOSETES
ANNUAL COSTS ¢SS a0 DS DAl SOCOSSEdEROVOY BD
LENGTH OF INTERVAL (YRS} eesescsscssses

INDUSTRY CONSTRJCTION

COMDITIONAL PROBABILITY acscssecevsaces
ANNUA[- BENEFITS a9 S a8 B9 eSSBS ENSNSE TN BT
ANNUAL COSTS sceesssessssossssnssosansas
LENGTH OF INTLRVAL (YRS) esvesnsesssces

OPERATION TIMEZ

CONMDITIONAL PROBABILITY ceecvsesczoscswnass
ANNUAL BEPJEFITS 4 00 00 SSEEAC R OB BASAODNe SN
ANNUAL COSTS "R S RNBPOIPPENSPIeRTTE RS G
LENGTH OF INTERVAL (YRS} sececcscsaccss

3.00
.06

1.00
Jeul
187.50
L,0D

.80
0.00
150,00
1.00

1.00
0.00
150.00
1.00

1.00
¢700.08
00
10.00

THE NET VALUZ (K$) IMCLUOING LAG TIME EQUALS =--

1727.6
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LY XS
LX Y

1975
1978
1377
1978
1379
13480
1901
1342
1933
1984,
1935
1936
1987
1943
13929
14938
1931
1992
1993
1994
1935
1935
1937

1939

1999
2500
2001
20u2
2003
Clhuly
2:065

LAUNCH SCENARIC FOR RF ATTITUDE SENSOR TECHNOLOGY INTRODUCTION
INTO THE Y.S. DOMSAT MARKET

TABLE 13.12a

US DOMSAT=~1992 INTREOUCTION oF
RF AYTITUDE SENSOR TECHNOLOGY

SATZLLITE COST PER SATELLITE

LIFZ SATeLLITE
{YEARS) EME)
350
37.6
[
k3.5
TY:3%4
50.2
5440
58.2
b2.5
B7.2
72.3
7Tl
33.5
49.7
9B
103.7
111.5
119.8
128.8
138.4
iu8.8
160.0
171.9
184,38
198.7
213.6
229.6
2ubed
265.3
205.2
306+5

OO TWITEOC DA NN NN

CAPACLITY

(X CKRT/2)

Lba0
15.4
16.9
18.6
£6.5
22.5
Zh el
EV.8
30.6
33.6
36.9
WUeG
4445
48.9
53.7
53.0
B4.9
713
78.4%
B5.2
47
1042
114.5
125.9
13844
15242
1€7.4
184.1
20240
2E2.06
24408

NOs. OF
LAUNCHES

1.00
31
-1
«37
1Y)
bl
«88

1.02
72
79
« 86
9%

1.03 °

1.32
1.48
.42
L.55
Le24
1.76
1.92
2410
2439
2.62
2.77
3,02
3,09
356
3.89
4ol
w57
5.11

DISCOUNTED
us-~Us COSY
(G 3]
35.00
11.04
12.20
13.47
14 .88
16.43
32.793
37.64
26e4B
25.77
31.25
33.93
36.82
47.23
52.52
49.77
53.91
43,01
60.39
65,32
70.83
79.47
86.39
9013
99.57
133.086
120.2%
132.8%
145.75
163.E9
1931.10

PROJECTED COST OF SATELLITES {INCLUDING LAUNCH)
BETWEEN 19B2 AND 1984 FOR U. S. MANUFACTURE
AND U. §. USE - $92.89 MILLION

L2 21
sy

DISCOUNTED
Us~FOR COST
(H3)
g.00
3.0G
G.00
0.00
.00
020
0.80
2.00
g.00
0.00
d.00
0.00
0.840
0.00
0.00
0.00
0.09
J.08
0.00
.30
0.00
u-uu
0.ug
g.00
2. 40
0.084
3400
0.09
0.00
G.00
d.00

L2 2]
so8e

YEAR SAYELLITE

1975
1976
1977
1974
1979

. 1989

1961
1982
1983
19584
1945
1936
1987
1948
1989
1990
1931
1932
1933
1394
1935
1995
1937
19948
1999
2000
2E01
2002
2003
ety
200s

TABLE 13.12b

US DOMSAT~-1985 INTRCOUCYION OF
RF ATTITUDE SENSOR YECHADLOGY

LIFE SATELLITE
{YEARS) {H3)
35.0
376
LOuly
43.5%
‘.6.7
S50+2
540
58.1
BZ+%
671
T2.3
T7.7
83.5
89,7
965
103.7
111.5
119.3
128.8
13844
148.8
160.0
1T1.9
13"-8
198.7
213.8
229456
2460
265.3
285.2
306.5

RSO TO R RO GEDOE NN TMANNN YN Y

£OST PER SATELLITL

CAPACITY
IX CKT/72}
1wad
15.4
1569
18.6
20,5
22.5
%Y ]
27.3
30.0
33.0
3649
40.5
445
W8.9
53.7
59.0
6449
713
78.4
8642
She?
16%.3
114.5
125.9
13844
152.2
1674
1841
20244
2k2.6
T

NO. OF
LAUNCKES

1.00
.31
.3“
«37
lbn
sl
a 88

1.us
+73
«an
+ 06
o9

1.03

1.32

1.98

1.42

1.35

$.24

1.78

1.92

2410

2439

2462

277

3.02

3409

3.5b

3.49

4edls

4.67

Seld

DISCOURTED
Us=ys cosr
(HS)
35400
11.00
12.20
13.47
1he88
1643
32.79
35.30
2690
2919
31.25
33.33
3EeB2
47.23
S5éa52
49,77
53.91
43.01
60«39
65.3%
706G
7947
96439
98.43
99.67
103.€6
12025
132406
14675
163.68
181.10

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1982 AND 1984 FOR V. S. MANUFACIURE
AND U, S. USE - §94,39 MILLION

sewe
ance

OISCOUNTZ ]
US=FGR COSTY
1#3)
D.d19
Jeul
D07
BaGli
Jeul
Beud
J.010
384
dedd
A
Reed
3. 50
J'ag
J.L0
J-;u
0.30
0.20
3.1
.62
D.C&
4«00
0.60
Oslu
0.70
dabd
G.00
g.n0
vedl
Tald
3.6
BeLD

S ST




LAUNCH SCENARIO FOR RF ATTITUDE SENSOR TECHNOLOGY INTRODUCTION

INTO THE INTELSAT ATLANTIC AND PACIFIC MARKET ’
TABLE 13.13a TABLE 13.13b

sers INTELSAT ATLANTIC AND PACIFIC=-=1982 INTRODUCTION OF sons ey INTELSAT ATLANTIC AND PACIFIG--1995 INTRODUCTION OF enrs
LRLE WF ATTITUDE SENSOR TECHHILOGY rean ravs RF AYTITUGE SENSOR TECHNOLOGY sans
YZAR SATZLLITE COST PER SATELLITE NO. DF DISCOUNTED OISCOUNTED YEAR SATELLITE COSY FER SATELLITE HO. OF OISCOUNTED DISCOUNRTEZY
LIFE SATELLITE CaPALZITY LAUNCH-S U5-U3 COST US=FOR COST LIFE SATELLITE CAPACITY LAUNCHZIS US~US COST US=FGE CC3T
(YEAR3) (n3) (X CKTz2) (H3} (K3} {YEARS) (M3} (K CKT/2} {Hg) v3)
La7s 7 35.0 190.0 1.00 17.30 i7.50 1975 7 35.0 10.0 1.00 17.50 17.50
1978 7 7.7 11.1 U 06 .27 d.00 1976 7 3T.7 11.1 04904 0.L0 Jaiis
477 7 ufl.5 12.3 « 31 5.35 5.35 1977 7 4045 12.3 « 18 5a35 5.15
1578 7 w3aB 13.7 .31 tod? w82 1978 7 43.6 13.7 31 4e B2 4. 82
1973 7 46,9 15.2 . «db6 13.1% 13.14 la9rg 7 46.9 15.2 « 36 13.14 13.14
1530 7 S5E.5 16.9 .83 12.52 12.52 1940 r 50.% 16.9 + 83 12.52 12.52
19491 7 Buas 18.7 .37 S.60 - 5.60 1981 7 56,3 i8.7 «37 e ED 5.€63
2352 7 58.5 2143 « 8k 12.64 12.69 1982 7 5Be4 20C.8 «BA 13.00 13..8
2933 7 3.0 23.6 end Dally bady 1383 7 6240 Z3.0 o2 Bel? 8.7
1336 7 7.7 2.9 58 8.37 8.37 1984 7 6746 5.6 +549 8,53 4,53
1943 3 12.3 3.4 -4 8.75 8.75 1935 ] 72.9 28.9 +62 B8.75 4.75
AS:% 5 T 321 «91 12.66 12.66 1986 a T8a4 J2.1 »91 12.66 12.06
13137 3 ga.3 RETY « 92 12.71 12.7% 1947 8 B4ed 355 «92 12.71 12.71
L3298 L) 90.7 LE R el 19,06 10,26 1948 a Qb.7 39.4 T4 10.C6 11.25
1913 g a7.5 L3k 1.2 13.55 13.55 , 1939 8 97.6 L3.E 1.02 13,55 13.5%
1033 8 125 @ Lol TN 10,98 10.98 1990 8 105.0 634 34 16.95% 11,95
w -3 3 113,32 53.6 » 7 12.32 12.32 19491 B 113.0 53+6 .97 12.32 12.32
- 2332 3 w21.5 £9,5 .73 9.08 9.38 1992 [ 121.5 5945 73 9,08 9.G0
S 1933 3 13C.7 €5.0 1.44 12.74 12.74 1993 8 130.7 £6.0 ladn 12474 12.74
1934 4 Lul.5 73.2 1.22 14450 14.56 1934 8 140.6 73.2 1.22 16454 lue5n
1345 8 151.3 81.2 1.28 14.87 14,87 1995 ] 15143 81.2 1,28 144 87 14.97
133 9 162.8 3.6 126 ihe24 16424 1938 8 162.8 90.0 1.26 1n,21 1u.21
1837 5 175.1 94.9 Louh 15.79 15,79 1397 8 175.1 93.9 Laab 15.79 15.73
14938 E] 188.4 113.8 Lau2 15416 i5.46 1938 8 18845 119.8 1.42 15.5% 15.1&
1933 4 202.7 122.9 1.54 16.56 16.66 1999, 8 202.7 122.9 1454 16.66 16.6€
2240 9 215.1 1384 l.>1 16.52 1b.52 2utl 8 2181 L3bets La51 16.52 15,52
Juol 3 23u.d 151.3 L1.72 19,149 19.10 2004 a 234.6 151.3 1.72 149,140 13.10
2.2 8 25244 167.9 1.88 2t.12 21.12 2baz ] 25244 167.9 L1.94 21.12 21.12
2203 4 271.6 168643 1.99 22.67 22.67 2003 8 27148 18643 £.499 22.67 22.67
23Cw 5 23c.2 2uba8 &l 23.89 23%.99 2004 8 29242 266.8 2407 23.89 23.89
2505 E} J1u.] 229.5 €425 26425 26425 2005 ] 3143 229.5 2.25 26425 26e25

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH) PROJECTED COST OF SATELLITES {INCLUDING LAWNCH)

BETWEEN 1932 AND 1984 FOR U. §, MANUFACTURE AND BETWEEN 1982 AND 1984 FOR U. S. MANUFACTURE AND

U, S. USE ~ $27.10 MILLION U. S. USE - $27,69 MiLLION
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The difference in the values between the two tables represent the value

of early introduction of the technology into the U.S. DOMSAT market. Tables
13.13a and 13.13b present corresponding data for the sensor applications to
the Atlantic and Pacific regions of the Intelsat system. The decrease in
satellite construction and launch costs associated with the technolopgy
appearing early (1982 rather than 1985) is $1.5 million for the DOMSAT
application and $.6 million for the INTELSAT Atlantic-Pacific applications,
for a total gross henefit of $2.1 million, discounted to 1975. Application
of the equation for equivalent annual benefits (EAB) yields an EAB of $2.7
million per year for the assumed 8§ year operating interval.

Table 13.11 contains the computer program input parameters for applica-
tion of the screening methodology to RF attitude sensor techmology. The
resultant score, or net present value, is $1.7 million. The sensitivity
plots which show the effect upon screening score of variations in the assumed
values of the input parameters are in Appendix II. With the exception of
sensitivity with respect to discount rate, all resulting sensitivities are
essentially linear, and a tabulation of their slopes is given in Table 13.14.

Application of the assessment methodology requires specification of lower
and upper bounds and the modal wvalue for each of the input parameters utilizea
in screening, or the mean and stardard deviation of each. The analytic
approximation used in assessment assumes a Gaussian distribution. Table
13.15 contains the input data used for assessment of the sensor technology.
The assessment, or risk analysis, for RF attitude sensors indicates that the
assumed Gaussian distribution of the net present value of the technology
development has a mean value of $1.7 million and a standard deviation of
$391 thousand.

The relative ranking of the technology development programs being
evaluated is based upon parameters taken from the cumulative distribution
function for the net present values of the technologies. These CDFs are
established by a full Monte Carle simulation using Beta distribution
random number generators for the input parameters of the NPV equation. For
RF attitude sensor technology, the input parameter ranges are the same as

those presented in Table 13.15 of the assessment application. Figure 13.8

317




TABLE 13.14

SLOPES OF RF ATTITUDE SENSOR NPV SENSITIVITY PLOTS

Variable

Slope

Time Delay

Annual Cost for Basic R&D

Length of Basic R&D Interval

Probability of Industry Implementation
Annual Cost for Applied R&D

Length of Applied R&D Interval

Ammual Cost for Industry Comstruction
Length of Industry Construction Interval
Annual Benefit

Length of Operating Interval

530 k$/year
-0.60 k$/k$
-130 k$/year
2300 k$
-0.11 k$/k$
-120 k§/year
-0.1 k$/k$
-120 k§/year
0.67 k$/k$

140 k$/year

318




TABLE 13.15

ASSESSMENT PARAMETERS FOR RF ATTITUDE SENSORS
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contains the histogram of the Monte Carlo simulation results. The height
of each bar is proportional to the number of sample NPVs occuring within an
interval of width $480 thousand. The interval number is labeled at the
bottom of the plot, and a scale indicating the actual NPV is at the top of
the plot. The histogram indicates that the distribution is essentially
unimodal and near-Gaussian in shape. Figure 13.9 displays data of the
histogram in a different form: here the data points have been normalized
by dividing by the total number of cccurrences and by the width of the NPV
interval so that the resulting curve represents the probability demsity
function (with unity enclosed area). TFigure 13.10 shows a plot of the
cumulative distribution function, the integral of the probability density
function. It is this cumulative distributicn function which supplies the
parameters to be used in ranking. For RF attitude sensor techmology, it is
seen that essentially all of the sample NPVs lie between about $500 thousand
and $2.8 million.

13.4 BSatellite Solid State Power Amplifiers

Current-technology communication satellites utilize traveling wave
tube amplifiers (TWTA) as the final, or power, stage of the transponders.
Either low-power, high-gain TWTs or solid state amplifiers may be used to
drive the output TWTA, with some present designs using redundant drivers:
one solid state and the other a TWT. Solid state power amplifiers are
competitive with TWTA's currently up to frequencies of about 6 GHz and
power levels of about 5 watts (combined form). Several solid state devices
including Inpatts and FETs offer potential for application as power amplifiers
in the 12-14 GHz band and above. The development of an FET amplifier for
the 12-14 GHz band with a gain of about 4 dB and a power level per device
of about 1 watt offers an alternative to low power TWTA's in this new
frequency band.

Solid state devices generally offer a longer mosn time hetween failures,
a reduced power confumption, and reductions in size and weight when compared
with tube technology. For purposes of this cost benefit analysis, it is
assumed that the development of a solid state power amplifier for replacement
of TWTA's at the 12 GHz band would result in a satellite useful lifetime

extension of two years with no significant change in amplifier cost.
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As a result of discussions of the impact and development costs of the
solid state power amplifiers with industrial and governmental groups, the
parameter values shown in Table 13.16 have been selected. It is estimated
that the basic research and development program would require 1-5 years
and cost $250 thousand. The likelihood of U.S. industry implementing
the technology in commercial communication satellites after such a NASA
R&D program is estimated at 95%. The application program is estimated to
require an industrial expenditure of $240 thousand over a two-year period
for applied research and development and prototype development. It is assuned
that the technology would continue to be incorporated in communication
satellites for ten yvears after its introduction without significant
modifications to the basic technology. It is estimated that the time
delay in the availability of the technology resulting from NASA not pursuing
its development is four years.

A calculation of the equivalent annual benefit (EAB) for the NASA '
sponsored development of the solid state power amplifier technology is based
on the fractional satellite launch schedules of Tables 13.17 and 13.18. Tables
13.17a and 13.17b correspond to the U.S5. DOMSAT market for introduction in
1980 and 1984, respectively, of the technology. Both scenarins correspond
to the demand, satellite cost, and satellite capacities of Figures 1-3 except
that the satellite lifetime is considered to increase by two years at the
time of the intreductien of the solid state devices. The sixth column of
each table, discounted U.8.-U.5. cost, contains the annual expenditures
for satellite purchase and launch. The difference in the values between the
two tables represent the value of early introduction of the techmology into
the U.S. DOMSAT market. Tables 13.18a and 13.18b present corresponding
data for solid state amplifier applications to the Atlantie and Pacific
regions of the Intelsat system. The savings in satellite comstruction and
launch costs asscciated with the technology appearing early (1981 rather
than 1984) is $16.} million for the DOMSAT application and $4.9 million
for the Intelsat Atlantic-Pacific applications for a total gross benefit
of 521 million, discounted to 1975. Application of the equation for
equivalent annual benefits (EAB) vyields an EAB of $18.3 million per year for

the assumed 10-year operating interval.
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TABLE 13.16

&

SCREENING PARAMETERS FQR_SOLID STATE-ROWER AMPELEFTERS
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LAUNCH SCENARIO FOR SATELLITE SOLID STATE POWER AMPLIFIERS INTRODUCTION
INTO THE U. S. DOMSAT MARKET

TABLE 13.17a TABLE 13.17b
P US DOMSAT--1980 INTROGUCTION OF ey Ty US NOMSAT--1984 INTRODUCTION OF *asa
PP SATELLITE SOLID STATE FOWER AMPLIFIERS BEud IETY) SATELLITE SOLID STATE POWER AMPLIFIERS (2223
TEAR SATELLITE COST PER SATELLITE N3, OF OISCOUNTED  DISCOUNTED YEAR SATELLITE COST PER SATELLITE NO. OF DISCOUNTED DISCOUNTED
LIFE SATELLITE CAPACITY LAUNCHES US-US COST WS-FOR COST LIFE SATELLITE CAPACITY LAUNCHES US-H8 COST US-FOR COST
. {TERRS) {435) (K CKT/2) (Ms} tMs) {YEARS) (M3} (K CKT/2} tM$) (Mm%}
197% 7 35.8 13.9 1.00 35.08 ) 0.66 1975 7 35.0 14.0 1.06 35.60 0.90
: 1976 7 37.6 15.4 .31 11.04 B.60 1976 7 37.6 15.4 .31 11.94 .00
1977 7 9.3 16.9 .34 12.20 a.60 1977 7 40.4 156.9 .34 12.28 p.08
1578 7 435 18.5 .37 13.47 0.03 1973 7 43.5 18,6 .37 13.47 5.08
1975 7 85.7 286.5 40 14.388 9.0¢ 1979 7 as.7 28.5 .40 t4.288 - T:;
1929 9 56.2 22.5 .44 15,43 ° 0.90 1936 7 S6.2 22.5 LA4 16.43 9.00
1958 9 4.9 24.8 .88 3z.79 . p.00 1981 7 54.0 24.8 .88 32.79 2.88
1582 9 S%.1 7.3 1.04 38.306 9.00 1932 7 58.1 27.3 1.04 38.3¢ e.60
1982 ? 62.4 30.9 .73 26.90 p.0od 1953 7 62.5 30.9 .73 26.98 0.09
1358 L) t7.1 33.8 .26 29.19 0.08 1984 = &7.1 33.8 .80 29.1%9 8.909
1985 19 TZ.1 34.3 .87 31.86 @.00 1985 10 72.1 26.3 .87 31.468 2.90
1954 19 77.5 39.9 .95 34,33 .69 1984 10 77.5 39.9 .95 34.33 9.60
1987 19 83.5 43.9 .81 29.99 &.00 1987 10 83.4 43,9 1.e4 37.21 g.ed
1963 19 g9.6 48,3 .89 31.353 g.90 1958 18 89.4 48,3 1.34 47 .69 p.00
1989 - 15 96.3 53.2 1.15 40.77 a.00 1989 . 10 96.3 53.2 1.56 52.99 6.08
w 1770 18 183.5 58.5 1.43 39.14 a.99 1990 10 163.5 53.5 1.43 £0.17 8.89
Doy 1991 ] 111.3 43,3 1.59 55.3% 8.99 1991 ie 111.3 64,3 4.19 ag.02 . a.o0
S 1992 i 119.7 76.8 1.57 54,492 0.98 1992 i 119.7 70.8 1.25 533,30 .00
: 1993 1o 128.7 77.8 1,71 %8.43 a.uvd 1993 13 128.7 77.8 1.71 58.43 &.00
1994 19 138.3 85.6 1.49 SP.61 0.9e 1994 19 138.3 85.6 1.49 S6.61 2,08
1998 10 148.7 94,2 1.9% 65.93 0.06 1995 19 149,7 24,2 1.96 85.98 p.08
1996 19 159.8 163.6 2,14 71.25 g.00 1996 1R 159.8 103.6 z.14 71.25 g.00
1997 H 171.8 114.9 2,25 74,03 8.08 1997 19 171.8 115.0 2.34 76.90 .90
1993 10 184.7 125.4 2,44 79.86 2.94 1993 19 184.7 125.4 2.463 85.55 .60
1992 10 198.6 137.9 2.7% 98.58 2,00 1999, 16 198.4 137.9 2.88 954,96 .00
2099 10 213.4 151.7 3.67 10z.23 8.09 2000 {:) 213.4 151.7 3.07 102.24 p.63
8di 1@ 229.5 166.9 3.36 113.31 0.09 zoa1 19 229.5 166.9 3.19 187.58 2.60
sz 19 266.7 * 1€3.5 3.49 122.91 0.60 2002 18 2446.7 183.5 3.48 118.82 0.80
P 14 265.2 201.9 3.92 135.75 2.80 P03 19 265.2 201.9 3.92 135.75 .80
Teas 19 285.90 222.4 4,14 144,93 8.00 pos 16 295.0 222.1 4.14 144,93 o.88
2835 19 305.4 244.3 4,564 164,66 %.00 2005 ip 306.4 244.3 4,58 144,66 2.89
PROJECTED COST OF SATELLITES (INCLUDING LAUNCH) ' PROJECTED COST GF SATELLITES (ZNCLUDING LAUNCH)
BETWEEN 1985 AND 2050 FOR U. S, MANUFACTURE AND BETWEEN 1985 AND 2050 FOR U, 5. HANUFACTURE
U. 5. USE = $151,691.23 MILLION AND V. S. USE - $151,707.34 HILLION
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T A T T

LAUNCH SCENARIO FOR SATELLITE SOLID STATE POWER AMPLIFIERS INTRODUCTION
INTO THE INTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 13.18a TABLE 13.18b

sEEN INTELSAT ATLANTIC AND PACIFIL--1986 INTRODUCTION OF *E8H HRER INTELSAT ATLANTIC AND PACIFIC~--1984 INTRODUCTION OF ERE
Ares SATELLITE S0LID STATE POWER AMPLIFIERS *EED “ e SATELLITE SOLID ST®TE POWER AMPLIFIERS “EEE
YEAR SATELLITE CGSYT PER SATELLITE N3, CF DISCOUNTED DISCOUNTED YEAR SATELLITE COST PER SATELLITE NO. OF DISCOUNTED DISCOUNTED
LIFE SATELLITE <CAPACITY LAUNCHES US-US CO5T U3S-FOR COST LIFE SATELLITE CAPACITY LAUNCHES US5-US COST U3-FOR COST
[YEARS) (M3) (K CKT/2) (M%) (Ms) (YEARS) (M%) (K EKT/2) M%) (M%)
1779 7 35.6 19.9 1.09 17.50 i7.58 197S 7 35.m9 10.0 1.00 17.56 17.50
1e74 7 37.7 11.1 6.09 .00 9.0 19746 7 37.7 it.13 2,99 9.08 9.08
1577 7 40.5 t2.3 .3@ 5.35 5.35 1977 7 40.5 12.3 .30 5.3% 5.3%
1973 7 33,4 13.7 W3t §.82 .82 1978 7 43,6 13.7 .31 4,32 #.82
i 7 26.9 15.2 86 13.1% 13.14 1979 7 46,9 15.2 5:11 13.14 13.13
1983 g 568.% 16.% .83 12.52. 12.52 1780 7 50,5 16.92 .83 12,52 12.52
133 g S54.3 13.7 .37 5.69 5.68 1781 7 54.3 13.7 .37 5.60 5.68
1922 7 58.4 29.8 .88 13.00 13.080 1932 7 8.8 20.8 .88 13.80 13.08
ivE2 9 62.3 2.0 42 L.17 &.17 133 7 62.8 23.0 A2 5,17 6.17
R 4 &7 .4 25.6 .59 8.53 8.53 1734 ? 57.4 25.6 .59 8.93 8.53
1932 ip 7.7 Z5.4 A3 B.99 8.9a 1983 10 72.7 z28.4 43 B.96 8.70
1754 ie 73.3 31.5 W92 12.36 12.856 1934 10 78.3 31.5 2 12,86 12.85
1eET 19 2e.2 35.4 34 7.82 742 1937 1] 84.2 35.9 .74 12.8% 12.58%9
1257 19 ?0.6 35.8 .37 7.75 T.75 1983 ip 0.6 33.8 75 19.18 18.138
1959 19 97.5 43,1 .93 12.38 12.38° 19879 10 97.5 43.1 1.93 13.71 13.71
1579 18 185.9 47.8 .gd 16,34 16.34 1999 10 194.9 47.8 «85 11.09% 11.87
1991 13 112.3 33.1 1.83 13.17 13.17 1391 19 112.8 53.1 59 B.79 8.79
g 1992 io 121.4 39.8 . 98 f1.21 11,21 1932 10 121.4 59.9 .73 %.15 ?.15
1993 1] 138.58 65.4 1.68 12.34 12.34 1993 16 130.6 65.4 t.01 12.34 12.34
1994 ig 158,95 7.8 .83 .87 9.87 1923 16 149.5 72.6 .83 9.87 9.87
153¢ i9 151.2 849.46 1.19 12.20 12.28 19°8 19 151.2 868.46 1.18 12.80 12.808
1774 10 162.7 289.5 1.24 15.24 14.26 1995 . 16 162.7 8%.5 1.26 14.26 18.26
1197 13 175.¢6 3.3 1.179 13.03 13.83 1997 12 175.0 99.3 1.33 14.57 14.57
1773 HE 188.3 119.3 1.26 13.44 13.44 1998 | 19 188.3 118.3 1.32 14.11 14.11
1997 19 202. 2.4 1.45 15.79 15.70 1972 19 202.6 122.4 1.49 156.09 16.89
i 10 218.¢8 135.9 1.68 146,15 16.15 2000 1o 218.8 135.9 1.0 16.38 16.38
19 £34.85 15¢.8 1.64 t8.14 18,14 7881 1e 234.5 158.8 1.51 16.79 16.79
1@ 292.3 157.4 1,47 18.74 18.74 it 12 P 14 252.3 1467.4 1.61 18.69 18.8%9
ig <71.4 185.8 1.79 Z8.41 20.41 pa3 10 271.4 185.8 1.79 20.41 20.414
19 ~22. 296.2 1.82 26.99 20.99 2004 19 292.0 2066.2 1.82 28.99 20.99
16 218,22 cle.y 2.681 23.52 23.52 pid it} 10 314.2 2z3.9 2.01 23.52 23.52

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH) PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)

BETWEEN 1935 AND 2050 FOR U. 5. MANUFACTURE AND BETWEEN 1985 AND 2050 FOR U. S. HANUFACTURE AND

U. §. USE - 59248.55 MILLIDN U. 5. USE - $9253.43 MILLIOR




The resultant screening score for solid state amplifiers is $2.3 million.
The sensitivity plot slopes are tabulated and given in Table 13.19.

Application from assessment methodology requires specification of a
lower and upper bound and Modal value for each of the inmput parameters
utilized in screening, on the mean and standard deviation. The analytic
approximation used in assessment assumes a Gaussian distribution. Table
13.20 contains the input data used for assessment of the solid state technology.

The assessment, or risk analysis, for this technology indicates that
the assumed Gaussian distribution of the net present value of the technology
development has a mean value of 323 million and a standard deviation of $5 6
million.

The relative ranking of rhe technology development programs being
evaluated is based upon parameters taken from the cumulative distribution
function for the net present values of the technologies. These CDFs are
established by a full Monte Carlo simulation using Beva distribution random
number generators for the input parameters of the NPV equation. For solid
state amplifier technology, the input parameter ranges are the same as those
presented in Table 12.20 of the assessment azpplication. TFigure 13.11
contains the histogram of the Monte Carlo simulatiun results. The height
of each bar is proportional to the number of sample NPVs occuring within an
interval of width $1.68 million. The interval number is labeled at the bottom
of the plot. The histogram indicates that the distribution is essentially
unimodal and near-Gaussian in shape. Figure 13.12 displays the data of the
histogram in a different form; here the data points have heen normalized
by dividing by the total number of occurrences and by the width of the NPV
interval so that the resulting curve represents the probability density
function (with unity enclosed area). Tigure 13.13 shows a plot of the
cumulative distribution function, the integral of the probability density
function. For the satellite solid state power amplifier techmology, it
is seen that essentially all of the sample NPVs lie between about $10 million
and $38 million.

327




TABLE 13.19

SLOPES OF SATELLITE SOLID STATE POWER AMPLIFIER NPV SENSITIVITY PLOTS

Variable

Slope

Time Delay

Annual Costs for Basic R&D

Length of Basic R&D Interval

Probability that Industry will Implement Techneology
Annual Cost During R&D Interval

Length of Applied R&D Interval

Annual Costs in Industry Construction Interval
Length of Industry Construction Interval

Annual Benefits

Length of Operating Interval

5100 k$/year
-.31 k$/k$
~-5000 k$§/year
23,000 k$
-.28 k§/k$
-1400 k$/year
-.08 k$/k$
-1300 k$/year
1.25 k$/k$

1700 k§/year
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TABLE 153.20

ASSESSMENT PARAMETERS FOR SOLID STATE POWER AMPLIFIERS

BUICK RIBK ANALYSIS FOR :S0LID STATE POWER AMPLIFIERS

¥¥¥¥¥x  INPUT PARAMETERS ARE AS FOLLAOWS  ##%%¥#%

g GISCOUNT RATE tevevvrevnnncenen RT3
; INFUT BETA FPARAMETERS COMPUTED
‘3 YARIAELE MIN MDAL MaX MEAN
TIME DBELAY (YRS) vivnvnanos e .01 4, 5@ 6,39 4.
NASA RED
CONDITIONAL FROBABILITY wuvesn.s 1.66 1.9 1.0 1. @6
ANNHUAL BENEFITS (K%) feenaeas @ .0 . @3 .5 W, @
ANNMUAL CIOSTS (K$) weevevnnensns 1O, G L7 B3 250,06 169,67
INTERVAL LENGTH (YRS) tvueiuwenna S5 1.5 1.5 1.53
INDUSTRY RED
CONDITIGNAL PROBABILITY cevnn.. L35 .95 1.6 .74
ANNUAL BENEFITS (H$) venweonesas @ . 3@ @, i @ . o . B
ANNUAL COSTE (K$) v eeiunnanas . 160.06 140 . 6@ 250 . @l 151 .47
INTERVAL LENGTH (YRS) tueernawn . 1.5 1,50 1.54 1,548
INDUSTRY CONSTRUCTION
CONDITIGNAL FPROBAEBILITY ..vav. 1.08 1. 1.0 1.08
i ANNUAL BEENEFITS (K3) veweenanan .50 @, E i . @ .
¥ ANNUAL TOSTE (K3) wrssennsnnnns 3 .08 Hi . B . O L, @
3 INTERVAL LENGTH (YRZ) v nennaen 5 .50 LS LS50
OFERATION TIME
CONDITIGNAL FROBARILITY cuove.ow. 1.0 1.6 1.0 1.68
) ANNUAL BENEFITS (K$) vuirnnvonss 1@PEE .60 132360.00 30000.00 1234A.47
! ANNLIAL COSTE (K$) ..., e.. e ol - 53 B0 Nlo)
: INTERVAL LENGTH (YRZ) wevannen- 7 .06 11, @ 13,83 1. B0
THE EXFECTED NET VALUE (K$) EQUALS ~-
238g7 .7

STANDARD DEVIATION EGUALS --
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13.5 Satellite Multibeam Antennas

Current technology communication satellites use global beam, hemi-
spherical beam, and spot beam antennas. The number of spot beams is small,
typically being less than five. The expression "multibeam antenna" is §
used in this report to refer to a satellite antenna with a large number of
beams tightly spaced using orthogonal polarization for adjacent beam isola-
tion and with anterna beam amplitude for isclation between every-other-one
of the beams. Such a satellite antenna accomplishes frequency reuse through
spatial diversity and has application to a high capacity point—to-point
commupication satellite for use in the fixed service. Multibeam satellite 2
antenna techunology, together with onboard switehing, can significantly
increase the channel capacity of a satellite. For this cost-benefit analysis,
it is assumed that the antenna technology would be responsible for a 25% in-
crease in channel capacity {(per satellite) and that the associated increase
in cost is 20% of the satellite cost. .

As a result of discussions of the impact and development costs of
satellite multi-beam antennas with several industrial and governmental
groups, the parameter values shown in Table 13.21 have been selected. The
basic research and development program is estimated to require two years
and cost $2.3 million. The likelihood of U.S. industry implementing the
technology in commercial communication satellites after such a NASA RE&D
program is estimated at 80%. The application program is estimated to
require an industrial expenditure of $1.25 million over a two-year period
for applied research and development and prototype development. It is assumed
that multi-beam antenna technology would continue to be incorporated in
communication satellites for fifteem years after its introduction without
significant modifications to the basic techmnology. It is estimated that
the time delay in the availability of this technology resulting from NASA
not pursuing its development is 8 years.

Calculation of the equivalent annual benefit (EAB) for the NASA
sponsored development of multi-beam antenna technology is based on the
fractional satellite launch schedules of Tables 13.22 and 13.23. Tables
13.22a and 13.22b correspond to the U.S. DOMSAT market for introduction in

1980 and 1988, respectively, of the advanced antennas. Both scenarios correspond
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TABLE 13.21

SCREENING PARAMETERS FOR SATELLITE MULTIBEAM ANTENNA

SCREINING FUO< sSATILLITE MULTIGIAM ANTZINNA
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LAUNCH SCENARIO FOR SATELLITE MULTIBEAM ANTENNAS INTRODUCTION INTO
THE U.S. DOMSAT MARKET

TABLE 13.22a TABLE 13.22b
aaes U3 NOHSAT--19480 INTRODUCTION OF xxxn sres US DOMSAT--1984 INTROBUCTION OF wrne
snne SATELLITE HULTISEAN ANTENNAS rexy rama SATELLITE HULTIBEAH ANTENNAS suss
YZAR SATELLITZ CusT PER SATELLETE NJ. OF DISCOUNTED DISCOUNTED YEAR SATELLIYE COST PER SATELLITE NO. OF GOISCOUNTED  OISCOUNTED
LIFE SATELLITE CAPACITY LAUYCHES US-US COST US=FGR COST LIFE SATELLLIFE CAPACITY LAUNCHES US-US COST US-FCR ZC:T
trEsas) (M3) {K CXT/2) t(Hs} 133 tYEARS) (M%) [K CKT/2) (H3) {1y
1975 7 35.4 14.0 1.00 35.00 el 1975 7 35.0 1ual L.bl 35400 (a3l
1376 T 37.6 15.4 .31 1i.00 D.01 1976 7 37.6 iS.b 31 11,94 3.32
1977 7 wlo 15.9 34 12.239 2.0 1977 7 4045 16.9 34 12.20 uslC
1973 7 83,5 13.B 37 1347 0.00 13748 r 43,5 1846 .37 .67 0..8
1973 7 4B T 23.5 el 1u.88 3.28 1879 7 4B.7 20 .5 Pl 14,86 2,22
MEL R 7 Qued €90 i3 15.84 1.130 1340 7 5L.2 22.5 1Y 1be03 JeTa
1591 7 6Ll 33.3 T2 31.49 B0, 1741 7 54,0 Zu.8 .48 312.79 Je2d
1232 7 68.1 32.g T 37.36 .99 1982 7 58.1 27.3 Le0b 38.36 D.30
1643 7 72.u 5.5 .62 26437 0.36 1343 7 2.4 2.6 T3 26490 1.5D
153 7 77.1 18,5 59 28.75 d.00 1934 7 B7.1 2i.¢ +30 24,19 .26
L1443 8 BZ.1 41,9 76 1.3 0.08 1985 8 72.1 6.3 a7 31.66 J.20
1345 a 87.5 (AN . B 3u.07 0.00 1986 8 77.5 39.9 95 24.33 Ja 00
1917 8 9344 L3.4 .32 37.00 9.08 1937 8 83.4 43,9 iadw 37.21 J3.23
FEEY! a 99,5 55.8 1.22 47460 0.30 1944 8 939,58 53.8 1.20 u7.62 .28
1539 3 105, 3 S8.7 135 53, e .03 . 1989 8 102.3 58.7 1.3 53.03 J.23
- a 113.5 Blen 1.31 Su.29 0.30 1930 3 113.5 Et.C 1.31 50.29 Zeud
1342 8 i21.3 69,8 1,44 S4.52 0.C0 1991 8 121.3 69.8 Lekh - Sul52 a2
w193 3 129.7 75.3 1.16 43.53 8.00 1932 8 129.7 7643 1.16 43.53 0.58
o 4333 3 1d8.7 83.3  ° 1.%6 61.15 0.00 1913 8 138.7 83.3 186 6la1l5 Jail
-~ L334 8 169%.3 Q1.1 1.32 66.47 .00 1934 8 146.3 9%.1 1.32 Bo.l7 Bacd
1935 8 158.7 ga,7 2.400 T1.54 0,040 1995 8 158.7 93,7 2.30 Ti.%4 3.3C
1935 4 159.9 153.1 2.28 30.54 g.c0 19496 a 169.8 109.1 2428 30.56 G420
2337 ! 182.9 119.5 2.52 87456 0.00 1997 8 181.8 119.3 2.52 87.58 J.63
1%24 3 149047 122.9 2455 L. 34 2.00 19498 8 194.7 139.9 2ebd L34 9.C3
1939 3 208.6 1u3.b 2.92 100,91 B.00 1999 a8 20846 163.4 2492 135.91 Bl
2223 ] 2230 157.2 2.9 104443 0.co 2000 8 223.4 157.2 2.39 1diae43 d.c0
23al a 239.5 17244 J.ub 121.41 d.00 2001 8 239.5 17244 Jaoub 121.84 Jeidtd
i 26L2 3 256.7 189.0 3.78 134453 0.0D 2042 ] 25647 183.0 3.78 134453 Ged0
| 2Le3 8 275.2 eL7 et Helw 1u8.57 6.00 2003 ;] 275.2 2CT o0 Yolw 148457 0.C18
.. Ll 9 29%5.9 227 .6 4.57 165466 g.00 20049 [} 295.0 2746 We5T 165.E8 d.30
2835 a 31644 249.8 5.00 183,22 g.00 2405 a 3164 2u49.8 5.yl 181.22 J.00
PROJECTED COST OF SATELLITES (INCLUDING LAUNCH) PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BITWEEN 1980 AND 1987 FOR U. §, MANUFACTURE AND BETWEEN 1980 AND 1987 FOR U. S. MANUFACTURE AND
U. 5. USZ - $242,54 MILLION Y. §. USE ~ $246.81 MILLION
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LAUNCH SCENARIO FOR SATELLITE MULTIBEAM ANTENNAS INTRODUCTTION
INTG THE INTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 13.23a TABLE 13.23b
cans INTELSAT ATLANTIC ANO PACIFIC--1980 INTRODUCTION OF A sare INTELSAT ATLANTIC AND FACIFIC=-19848 INTROOUCTIOH OF LT
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19735 T 35.0 10.0 1.00 17.50 17.50 1975 ? 35.0 10.0 1.00 17.50 17.52
1976 7 377 1.4 d.09 0400 0.00 19786 7 3. 11.1 G080 0G0 3.L0
1977 7 4Cs5 12.3 «30 5435 5.35 1977 7 40.5 12.3 «30 5,315 5435
1978 7 ‘43.6 13.7 .33 ta B2 4.82 1978 7 41,5 13.7 «33 482 4.32
14979 b4 4649 15.2 « 86 t3.14 13,14 1979 7 46.9 15.2 +3b 13.14 1d.14
1939 7 60.5 Z1.1 a0b L2.01 12.0% 1930 4 50.5 1649 + 83 i2.52 12.52
1931 7 Bleed 2.9 .31 Suul’ 5.5l 1941 7 54.3 18.7 .37 5.62 S5e4d
1332 r -1 25.18 73 12,66 12.66 1982 7 58k Z0a8 « 58 13.00 1%5.40
1933 7 72.8 272 « 38 605 Bed5 1983 7 62.0 23.0 »42 Bei7 617
1944 7 7746 29.8 «51 8.41 Bebl 1984 7 6746 25.6 «59 8453 8.53
1933 s az.7 32.6 .55 8.82 8482 1985 8 727 2845 «63 8.90 84130
1935 -8 48,3 35.7 »31 12.80 12.80 1986 8 78.3 31.5 .32 12.86 12.56
1937 8 G4.2 39.2 A 12.07 12.587 1967 8 84,2 25.0 « 94 12,89 12,93
1538 B 16ueb 43.8 +53 13.20 10420 1288 8 100+6 L3.0 468 10.20 i0.20
1533 B 107.5 7.3 - ™ 13.77 13.77 1989 8 107.5 .. 47«3 . « 94 _13.77 1377
1933 8 114.9 52.0 .78 11.17 11,17 1990 ] 116.9 52.0 76 11.17 11.17
%) 1931 a 122.8 57.3 1] 12.54 12.54 1991 8 l122.8 57.3 . « 96 12454 12454
R L LT 1 131.4 63.2 ey 9.2k 9.2 1992 8 1314 83.2 +68 9.24 2.24
19393 B 14045 696 «49 12.98 12.98 1993 8 14046 £9.:6 «39 12,98 12.98
1934 8 150.5 TH.8 1.16 14.82 14,82 1934 8 15045 76+8 1.16 a2 164 22
1335 a 161.2 LTS 122 15+16 15.16 1995 8 161.2 84.8 1.22 15.16 15.16
1936 a 172.7 93.7 1.21 14.49 16,49 1996 8 172.7 9347 1423 1h69 14%.43
1997 8 13543 163.5 1.39 16410 16440 1997 8 18549 16345 1.39 16420 16«10
1593 3 198.3 116.5 1.38 15.45 - 15445 19498 8 19843 11445 1.38 15.45 15445
1999 8 212.6 125.6 1.50 16,97 16.97 14999 8 21246 126.6 1,50 16.97 16437
2400 8 23841 lud.1 1.47 16.81 16.81 20400 ;] 228406 t4Be1 1.47 16481 16831
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2652 8 262.3 171.6 1.84 21.48 2i.u8 200z 8 262.3 1716 1.34 2l.L8 2l.u4
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205 3 302.9 2104 2.03 24427 24427 2004 8 302.0 2iB.4 2,03 2427 2he27
2605 8 324.2 233.1 2.21 2665 26.65 2005 8 J24.2 2331 2e2L 26455 26.585
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to the demand, satellite cost, and satellite capacities of Figures 10.1 -
10.3 except that the satellite capacity is considered to increase by 257
and the satellite cost by 20% at the time of the introduction of the
technology (the increases are based upon 1980 capacity and cost). The
sixth column of each table, discounted U.S5.-U.5. cost, contains the annual
expenditures for satellite purchase and launch, and are the same for Tables
13.22a and 13.22b except for the years 1980 through 1987. The differences
in the values between the two tables represent the value of early introduc-
tion of the technology into the U.S. DOMSAT market. Tables 13.23a and
13.23b present corresponding data on multi-beam antenna applications to the
Atlantic and Pacific regions of the Intelsat system. The decrease in
satellite construection and launch costs associated with the technology
appearing early (1980 rather than 1988) is $4.3 million for the DOMSAT
application and $1.4 million for the Intelsat Atlantic-Pacific applications,
for a total gross benefit of $5.7 million, discounted to 1975. Application
of the equation for equivalent annual benefits (EAB) yields an EAB of $2.1
million per year for the assumed 15~year operating interval.

The resultant screening score is $4 million. Sensitivity plots which
show the effect upon this screening score (NPV) of variations in the assumed
values of the input parameters are in Appendix IT. A tabulation of the
slopes of the sensitivity plots is given in Table 13.24.

Application of the assessment methodology requires specification of
lower and upper bounds and modal value for each of the input parameters
utilized in screening, or the mean and standard deviation of each. The
analytic approximation used in assessment assumes Gaussian distributions
for the inputs and output. Table 13.25 contains the input data used for
assessment of the antenna technology.

The assessment, or risk analysis, for this technology indicates that
the assumed Gaussian distribution of the net present value of the technology
development has a mean value of $4.1 million and a standard deviation of
$1.1 million.

The relative ranking of the technology development programs being

evaluated is based upon parameters taken from the cumulative distribution
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TABLE 13.24

SLOPES OF MULTIBEAM SATELLITE ANTENNA NPV SENSITIVITY PLOTS

XA TR R AT T T TR AT LT S et

Variable

Slope

Time Delay
Annual Costs for Basic R&D
Length of Basic R&D Interval

Probability that Industry will Implement the
Technology

Annual Costs During Applied R&D Interval
Length of Applied R&D Interval

Annual Costs in Industry Construction Interval
Length of Industry Construction Interval
Annual Benefits

Length of Operating Interval

430 k$§/year
-.50 k$/k$
-750 k$/year

5800 k$

-.27 k$/k$
-500 k$/year
~.26 k$/k$
~400 k$/year
2.2 k$/k$

290 k8/year
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TABLE 13.25

ASSESSMENT PARAMETERS FOR SATELLITE MULTIBEAM ANTENNAS
QUICK RISK ANALYSI3 FOR $SATELLITE MULTIBEAM ANTLNNAS
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function for the net present values of the technologies. These CDFs are
established by a full Monte Carlo simulation using Beta distribution random
number generators for the input parameters of the NPV equation. For the
antenna technology, the input parameter ranges are the same as those pre-
sented in Table 13.25 of the assessment application. TFigure 13.14 contains
the histogram of the Monte Carlo simulation results. The height of each

bar is proporticnal to the number of sample NPVs occuring within an interval
of width $330 thousand. The interval number is labeled at the bottom of

the plot, and a scale indicating the actual NPV is at the top of the plot.
The histogram indicates that the distribution is essentially unimodal and
near-Gaussian in shape. TFigure 13.15 displays the data of the histogram

in a different form; here the data points have been normalized by dividing
by the total number of occurrences and by the width of the NPV interval so
that the resulting curve represents the probability density functiom (with
unity enclosed area). TFigure 13.16 shows a plot of the cumulative distribution
function, the integral of the probabiiity density function. It is this
cumulative distribution function which supplies the parameters to be used

in ranking this technology against other technologies being considered.

For the multi-beam antemna technology, it is seen that essentially all

of the sample NPVs lie Letween about $1.5 million and $7 million.

13.6 Advanced Solar Arrays

Electric power for communication satellites may be generated either by
solar cell arrays or by nuclear reactors. Previous studies have
indicated that the nuclear technology is competitive only if the power
requirements of the satellite exceed 10 kilowatts., Communication satellites
currently in orbit utilize a conventional solar cell which is only approximately
10% efficient in converting the available solar power into electrical
power. Improvements in this basic solar cell, primarily at COMSAT Labs,
have resulted in development in the violent cell and of the black cell
which has an efficiency of about 15%. These latter two cell types,
however, are still not available on a production basis.

The cost for the electric power system for a typical communication

satellite is around two million dollars (including the batteries) for a
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one kilowatt power system. Incremental increases in the efficiency of
available solar cells result in significant savings in the cost of a
communication satellite. TFor purposes of cost-benefit analysis, an
advanced solar cell technology program directed at further increasing
the solar cell and solar array efficiency so as to result in a 10% cost
reduction of the power system is assumed,

As a result of the discussions of the impact and development costs
of advanced solar cells with several industrial and governmental groups,
the parameter values shown in Table 13.26 have been selected. The basic
research and development program is estimated to require two years and
cost 500 theousand dollars. The likelihood of U.S. industry implementing
the technoleogy in commercial communication satellites after such a NASA
R&D program is estimated at 95%. The application program is estimated
to require an industrial expenditure of 175 thousand dollars over a two-
year period for applied research and development and prototype development.
It is assumed that the solar cell technology would continue to be incorpo-~
rated in communication satellites for ten years after its introduction
without significant modifications to the basic technology. Since solar
cell technology is at a reasonably advanced stage, it is estimated that
the time delay in its availability resulting from NASA not pursing its
development is only five years.

Calculation of the equivalent annual benefit (EAB) for the NASA
sponsored development of soiar cell technology is based on the fractional
satellite launch schedules of Tables 13.27 and 13.28. Tables 13.27a
and 13.27b correspond to the U.5. DOMSAT market for introduction
in 1980 and 1985, respectively, of the advanced solar cells. Both
scenarios correspond to the demand, satellite cost, and satellite
capacities of Figures 10.1 - 10.3 except that the satellite cost is
assumed to decrease by 200 thousand dollars at the time of the intro-
duction of the advanced solar cells. The decrease in cost corresponds
approximately to a 10% reduction in cost of the electric power supply
system. The sixth column of each table, discounted U.S5.-U.S. cost,
contains the annual expenditures for satellite purchase and launch,

and are the same for Tables 13.27a and 13.27b except for the years
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TABLE 13.26
SCREENING PARAMETERS FOR ADVANCED SOLAR CELLS

SCREZNING FO? $AOVANCZD SOLAR CLLLS
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LAUNCH SCENARIO FOR ADVANCED SOLAR CELLS INTRODUCTION
INTC THE U.S. DOMSAT MARKET

TABLE 13.27a TABLE 13.27b

vna US DOMSAT--1980 INTRCDUGCTION OF voan LY US DOHSAT==-1985 INTROQUCTION OF seax
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1%36 T 50.0 z2.5 . 3h 16,37 2.00 19a0 7 50.2 22.5 ol 15463 T.82
L1831 r £3.3 24.8 .38 32.67 J.60 tog1 4 S4.0 24,8 . B8 32.73 o]
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IR LRt 3 11344 Y 1.56 Su,.21 7.00 1341 8 111.1 bued L4956 Sua2l els
P 1342 ] 119.5 7d.8 125 43.22 0.00 i932 8 119.5 T0.8 1.25 “3.22 0462
P~ 1993 3 128.5 7.8 - 4.78 60,06 0.0% 1933 8 12845 77.8 La78 60.66 J.C3
133% 8 13845 65.0 Ledn 65457 g.00 1994 8 138.1 8546 1.34 65457 Jelw
1395 a it8.5 9.2 2.1 70485 g.00 1995 8 148.5 M ,2 2415 70,05 3.GG
2945 q #59.6 133.86 PR 79.73 0.03 1936 8 159,.6 103.6 2.40 79.73 Jaog
1937 a 171.5 11G.0 2.+0h 45464 0.30 1937 8 171.6 11440 2.8 BBk 3.59
1524 5 184.5 1e5.0 2.78 .36 J.00 1938 8 186,85 12544 2.78 490.36 D.GD
1932 8 198.4 117.9 3.03 99,89 0430 1938 8 19846 137.9 3.43 94,80 3.%0
2233 3 253.2 151.7 3.t 103.27 0.00 2u00 8 2132,2 15L.7 334 wi.zr J.30
25d% 3 229.3 1%49.9 3.57 12047 0.00 204t 8 229.3 166.9 3.37 123.47 3420
2eu2 3 2546.5 183.5 3.33 133.06 0.29 2062 3 246.5 183.5 3.70 133,05 6.50
2ol 3 265.0 2€1.9 v.25 146,96 a.00 2003 g 265.0 201.9 4425 146496 Oevd
200 . 3 Z8L.H 2z2.1 458 163.83 0.90 2004 8 284.8 zid.a 4e0B 163.89 AN
2065 4 lj8.2 Zhs.3 5.12 141,31 0.00 2005 a 386.2 24443 5.12 141,34 B.16

PROJECTED COST OF SATELLITES (I™CLUDING LAUNCH) PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)

BETWEEN 1930 and 1954 FOR U, S. MANUFACTURE AND BETWEEX 1980 ARD 1984 FOR U, S. MANUFACTURE AND

U. 5. USE - 5143.11 MILLION U. §. USE - §143.6%1 MILLION
O




ave
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sans

YZAR

14875
1476
1917
1978
1979
1930
1931
1932
1933
1934
1935
1336
2937
1543
1539
1930
1931
L9132
1913
2934
1535
PR-ET)
1997
1938
1993
26dd
24ul
26u2
2633
2irule
Zubs

SATELLITE COST PER
LIFE SATELLITE
[YEARS) [4:33]
35.0
37.7
wl.5
w3.b
46.9
503
Shel
58.2
B2+H
b7k
T2.5
7a.1
4.0
L4
97.3
Lh4a7
112.6
121.2
130.0
140.3
151.4
162.5
LT4ed
LBA.L
2024w
2178
234.3
252.1
271.2
2%1i.8

LAUNCH SCEANRIO FOR ADVANCED SOLAR CELLS INTRODUCTION INTO THE
TNTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 13.28a

INTELSAT ATLANTIC ANMD FACRIFIC--1980 INTROUOUCTION OF same
AOVANCEC SULAR CELLS bt
SATELLITE NO« OF DISCOUNTED DISCOUNTED
CAPACITY LAUNCHES US=-US COST US~FGR COST
(K CKT/2} {H3) {HE]
10.0 1.490 17.50 17.50
1l3 d. G0 0.03 .00
12.3 « 36 5.25 5.35
13.7 «31 heBE 4.82
15.2 » 36 13-14 111y
1649 83 12447 12.47
13.7 %14 5.58 5.58
£0.8 «38 12.95 12.95
3.0 T 6.15 8.15%
P «59 8.50 8.50
28.4 «63 8.08 8,88
31,5 92 12.83 12.83
35.0 94 12485 12.05
38.8 15 10«16 1{.16
43.1 1.403 13.60 13.68
L7 8 « 85 13.07 11.67
53.1 «98 12061 12.41
59,0 W73 %a13 9,13
6540 1.0% 12.581 i2.81
7246 1+23 14.61 14.61
80 .6 1.29 14.94 1u.04
89,5 1.26 16 .27 14.27
99.3 1sut i5.85 15.8%
113.3 Laud 15.21 15.21
lg2.4 1.55 1671 16.71
135.9 L.31 16.56 16.56
150.8 L.73 19.14 19.14
167.4 1,59 2l.1% 21.16
185.48 2.00 22.71 22.74
2lo.2 2408 23.93 2%.33
2ZB.9 2425 26.29 2629
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Jlu.0

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1980 and 1584 FOR U. S. MANUFACTURE AND
U. S. USE - §45.65 MILLION
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TABLE 13.28b

INTELSAT ATLANTIC AND PACIFIC--21985 INTROOUCTION OF s¥ne
AOQVANCED SOLAR CELLS

YEAR SATELLITE COSY PER

1475
876
1977
14978
1979
3980
1941
1982
1983
1944
1985
198u
14957
14988
1989
1998
1991
1992
1993
1934
1995
1936
1997
1998
1999
20080
2001
2oaa
2003
2iily
a0us

LIFE SATELLITE
{YEARS]) {M2)
35.0
377
40,5
L3.6
46,9
50.5
5443
58.4
62.8
6746
T2.5
7841
8440
0.4
97.3
104.7
112.6
i2l.2
13044
140.3
151.0
162.5
174.8
188.1
20244
217.8
234.3
252.14
27t.2
291.8
34,0

D0 COBEERERMDMDED D DNy

SAYELLIT:
CAPACITY
(K CKYZ2)
10.0
alsi
12.3
13.7
15.2
16.9
10.7
£0.8
£l 0
25.6
2844
31.%5
J540
38.8
W3.1
L7.08
3.1
59.0
654
72.6
0.6
89.5
99.3
110.3
12244
135.9
i50.8
ie7.4
i85.8
2L6.2
228.9

oG
NOs OF OISCOUHTED DISCOURTED
LAUNCHES US-US COSY US«-FCR GOST
(H3) (425 4]

1.00 17.50 17.50
.40 8.04 0.30
+«30 5.15 Je35
31 bel2 o2
« B6 13.0% 13,14
o83 12.52 12.52
.37 SeE0 ETY-1]
3% 13.430 13..0
LT bei7 6e17
+59 8.53 .53
b3 B.84 B. 58
«92 12.83 12.43
« 9 12. 85 12.85
75 1l.16 laue.id
1403 13.68 13.58
« 35 12.07 11.07
38 1Z2.5H1 12c4t
73 3.13 9,13
1.05 12.51 12.91
1.23 l4.61 14.51
1,29 14 94 144 34
1.26 1427 14.27
Lang 15,85 15.35
Laud 15.21 15.21
1.5% 1671 16.71
i.51 16.56 10.56
1.73 19,14 19.14%
1.49 21.16 21.16
2.00 e2eri 22.7%
2.08 23+93 23.33
2425 26e29 _ 26.29

PROJECTED COST OF SATELLITES (IKCLUDING LAUMCH)
BETWEEN 1980 and 1984 FOR U. 5. MANUFACTURE. AND

U. 5. USE - $43.81 MILLIOM
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1980 through 1984. The difference in the values between the two tables
represent the value of early introduction of the solar cell technology into ,
the U.S5. DOMSAT market. Tables 13.28a and 13.28b present corresponding
data for advanced solar cell applicatioms to the Atlantic and Pacific é
regions of the Intelsat system. The decrease in satellite construction E
and launch costs associated with the technology appearing early (1980
rather than 1985) is 0.5 million dollars for the DOMSAT application and
0.2 million dollars for th: Intelsat Altantic-Pacific applications, for
a total gross benefit of 0.7 million doliars, discounted to 1975. Applica-
tion of the equation for equivalent annual benefits (EAB) yields an EAB
of 0.43 million dollars per yvear for the assumed 10-year operating interval. &
The resultant screening score for solar cell technology is 0.5 million
dollars. Sensitivity plots which show the effect upon this screening score
of wvariations in the assumed values of the input parameters are given in
Appendix II. A tabulation of the sensitivity plot slopes is given in
Table 13.29,
Application from assessment methodology requires specification of
lower and upper bounds and a modal value for each of the input parameters aﬁ
utilized in screening, or mean and standard deviation. The analytic approxi-
mation used in assessment assumes a Gaussian distribution for each input
and for the output NPV. Table 13.30 contains the input data used for ;
assessment of the advanced solar cell technology. é
The assessment, or risk amalysis, for solar cells indicates that the é
assumed Gaussian distribution of the net present value of the technology é
development has a mean value of 5330 thousand dollars and a standard devia-
tion of 112 thousand dollars.

The relative ranking of the technology development programs being

evaluated is based upon parameters taken from the cumualtive distribution
function for the net present values of the technologies. These CDFs are
established by a full Monte Carleo simulation using Beta distribution random
numbexr generators for the input parameters of the NPV equation. For solar
cell technology, the input parameter ranges are the same as those presented
in Table 13.30 of the assessment application. Tigure 13.17 contains the

histogram of the Monte Carlo simulation results. The height of each bar




TABLE 13.29

SLOPES OF ADVANCED SOLAR CELL NPV SENSITIVITY PLOTS

Variable Slope
Time Delay 90 k3/year
Annual Costs for Basic R&D ~.5 k§/k$
Length of Basic R&D Interval -94 k&/year
Probability that Industry will Implement the 670 kS$
Technology
Annual Costs During Applied R&D Interval -.2 k§/kS
Length of Applied R&D Interval -60 k§/year
Annual Costs in Industry Construction.Interval -.2 k$/kS$
Length of Industry Construction Interval -50 k§/year
Annual Benefits 1.4 k$/k$
Length of Operating Interval 50 k&/year
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TABLE 13.30

ASSESSMENT PARAMETERS FOR ADVANCED SOLAR CELLS
QUICK RISK AWALYSIS FIR :ADVALC-O 50LAR CELLS
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is proportiomal to the number of sample NPVs occurring within an interval

of width 40 thousand dollars. The interval number is labeled at the bottom
of the plot, and a scale indicating the actual NPV is at the top of the
plot. The histogram indicates that the distribution is essentially unimodal
and near-Gaussian in shape. Figure 13,18 displays the data of the histogram
in a different form; here the data points have been normalized by dividing
by the total number of occurrences and by the width of the NPV interval

so that the resulting curve represents the probability density function
(with unity enclosed area). Figure 13.19 shows a plot of the cumulative
distribution function, the integral of the probability density functioen.

It is this cumulative distribution funetion which supplies the parameters

to be used in ranking this technology against other technologies being
considered, For the advanced solar cell technology, it is seen that
essentially all of the sample NPVs lie between about 200 thousand and

900 thousand dollars.

13.7 Adaptive Heat Pipes

Heat pipes are now being routinely used to tramsport heat from heat
sources to radiators in satellite thermal control systems, Current develop-
ments in heat pipe technology include bent heat pipes and variable conductance
heat pipes. The ATS-F satellite contains an advanced thermal control system
experiment which utilizes a variable conductance heat pipe and a closed
loop temperature control system. While valuable data has been gained from
this experiment, the temperature of the controlled region has been signi-
ficantly greater than the designed value, and the control loop is effective
only a portion of the time. Additional effort is required to bring this
technology to maturity,

One application area of interest for the closed loop thermal control
system with variable conductant heat pipes is temperature control for the
satellite battery system. The charging cycle of the battery pack requires
a rather close temperature control, and application of a closed loop thermal
control system for the batteries can result in increased effective lifetime
of the battery system. This in turn allows a higher transmit power near
the end of the effective life of the communication satellite. The proposed
heat pipe technoleogy program will utilize variable conductance heat ripes
in the development of a stable closed loop thermal control system ajpro-

priate for use with satellite battery systems.
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As a result of the impact and develepment costs of adaptive heat pipes
with several imdustrial and governmental groups, the parameter values shown
in Table 13.31 have been selected. The basic research and development program
is estimated to require three years and cost 1.5 million dollars. The likeli-
hood of U. S. industry implementing such heat pilpes in commercial communica-
tion satellites after such a NASA R&D program is estimated at 80%. The
application program is estimated to regquire an industrial expenditure of
450 thousand dollars over a two-year period for applied research and
development and prototype development. It is assumed that adaptive heat
pipe technology would continue to be incorporated in communication satellites
for 12 years after its introduction without significant modifications to the .
basic technology. Since adaptive (wvariable conductance) heat pipe technology
is in an early stage of development, it is estimated that the time delay
in their availability resulting from NASA not pursing the development is
six years.

A calculation of the equivalent annual benefit (EAB) for the NASA
sponsored development of the technology is based on the fractional satellite
launch schedules of Tables 13.32 and 13.33. Tables 13.32a and 13.32b
correspond to the U. S. DOMSAT market for introductiom in 1981 and 1987,

respectively, of the technology. Both scenarios correspond to the demand,

satellite cost, and satellite capacities of Figures 10.1-10.3 except that )
the satellite capacity is considered to increase by 2% and the satellite
cost by 1% at the time of the introduction of the technology. The increase
in average capacity is associated with improved battery performance from
better temperature control. The sixth column of each table, discounted
U.5.-U.S. cost, contains the annual expenditures for satellite purchase

and launch, and are the same for Tables 13.32a and 13.32b except for the
years 1981 through 1986, The difference in the values between the two
tables represent the value of early introduction of adaptive heat pipe
technology into the U.S. DOMSAT market. Tables 13.33a and 13.33b present
corresponding data for applications to the Atlantic and Pacific regions

of the Intelsat system. The decrease in satellite construction and launch
costs associated with the technelogy appearing early (1981 rather than

1987) is 0.5 million dollars for the DOMSAT application and 2.2 million
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TABLE 13.31

»

SCREENING PARAMETERS FOR ADVANCED ADAPTIVE HEAT PIPES
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LAUNCH SCENARIO TFOR ADVANCED ADAPTIVE HEAT PIPES INTRODUCTION
INTO THE U.S. DOMSAT MARKET

TABLE 13.32a

US 0JdMSAT--1981 INTRCOUCTION OF
ACvANCED ALLPTIVE HEAT PIPES

SATEZLLITE COST FER SATELLITE

LITE SATLLLITE CAPACITY
{YEARS) (~3) (K CKTZ2)
7 35.0 1440
7 37.6 15.4
7 [ PN 16.9
7 43.5 15.6
7 Lh.7 20.5
7 5f.2 £2.45
7 SL.5 254h
T 58.6 27.9
7 bZ.9 3.6
7 BT.6 13.46
-] TEa0 lo.9
3 78.0 Lyl
- 83.9 G+ 5
-] 9C.1 49,9
4 95,4 53.8
B 1044 59.1
4 1it.8 4.9
9 120.2 Fleh
a 1249.2 Tel
3 138.3 Bd.2
3 19,2 A4 4 8§
L] 16L.3 10442
L] L7243 1lu.6
8 135,2 1256.0
5 199.1 134.5
3 2i3.93 152.12
3 23,0 167 .5
3 2472 184.3
3 2b5.7 2L2.5
9 295.3 222.7
L] J06.9 2hba9

NO. OF
LAUNCHES

1.ud
« 5L
« 34
37
Py
il
- 436
1.02
.72
.79
« 86
« 9
d.02
1.32
1.48
1.62
L+55
Lell
1476
1.92
2all
2.39
2.0l
EeTT7
3.02
Jaug
3.56
FREL]
w sl
vt 7
2413

DISCOUNTED
Us=Us COST
{M3)
35.00
11.04
12.210
13.57
14,488
L1603
3z.31
37.90
25,58
23488
31.36
Juell
36.93
4737
5267
49.50
54.05
L3.1L
50.52
B5.45
770
79.51
B6.53
%] .27
99.72
L03.28
L12ue40
133,00
i46.91
inj.85
131.28

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1981 AND 1986 FOR U. S. MANUTACTURE AND
L. §. USE - $190.97 MILLION

L3t T
LA LYY

DISCOUNTED
US-FOR COST
(mg)
0.00
0.00
0.09
0.00
0.60
5.00
G.09
0.00
0.00
0.00
7.00
B. 84
G.00
0.00
J.00
9.00
0.00
0.00
0.00
0.04
0.08
0.00
0,00
6,04
0.240
0.09
6.91
G.060
0.00
g.50
0«00

wanes
LE L X

YEAR

1975
1976
1977
1978
1979
1980
1981
1982
1943
1930L
14685
1936
1987
1988
1949
1990
1991
1992
1993
1994
1995
1946
1997
194948
1439
2000
2001
2002
2003
2004
2005

SATELLITE

TABLE 13.32b

US DOHSAT--1987 INTROOUCTION OF
ADVANCED ADAPTIVE HEAT PIPES

LIFE SATELLITE

(YEARS) {MT)

35.0
37.6
4oty
3.5
LY-3%4
S5G.2
2440
58.1
6244
67.1
72.1
775
83.9
gl,.1
96.8
104.4
1i1.8
120.2
129.2
136.8
169,2
16043
172.3
185.2
199.1
213.9
23040
euv.2
265,7
285.5
306.9

oL DO EEOD NN NN NN

COST PER SATEELLITE

CAPACITY
tK CXT/2)
15.0
19.4
16.9
18.6
2.5
£2.5
2h.8
E7.3
3Ba0
33.0
5.3
39.9
by oS
48.9
53.8
594
EBY4e9
Tl
8.4
86.2
94 .8
0.2
114.6
LZ644
13845
152.3
16749
lan.l
2LZ .45
222.7
2bk a9

ND. OF

LAUNCHES

1.00
=« 3i
o34
37
a4l
1)
« B0

1.65
73
»80
37
«95

1.02

1.32

YouB

Leb2

1e25

Laite

L1.76

1.92

2.1

239

2eo2

277

3.02

3409

3.5b

3. 93

Laell

a7

Seld

DISCOUNTED
Us-us CosT
tHs)
35.00
11.04
12.20
13.47
1u.88
!.bo"s
32.79
3B.30
26,90
29.19
31.66
I6e23
36493
L7.XT
52.67
H9494
54.05
Li.1l
60.52
65.45
The7%
79.61
B86.53
.27
99.72
103.280
120440
133.00
L4fB.91
103.65
101.28

PROJECTED COST OF SATELLITES (INCLUDING LAUNCH)
BETWEEN 1981 AND 1986 FOR U. S. HANUFACTURE AND
U, S. USE - $193.16 MILLION

LA LR
seen

OISCOUNTED
Us-FOR CC3T
>3l
O0.u0
3.10
d.68
0440
J.wd
Ga2u
a.40
0.30
J.90
§.30
Je2d
dela
ul ﬂu
3.20
G440
£.30
3.6
Jeal
.40
V.a0
3,20
el
.30
.03
0.00
J.I0
8,430
4.90
Jad0
0,00
£.20



LAUNCH SCENARIO FOR ADVANCED ADAPTIVE HEAT PIPES INTRODUCTION
INTO THE INTELSAT ATLANTIC AND PACIFIC MARKET

TABLE 13.33a TABLE 13.33b

cess INTELSAT ATLAKTIC AND PACIFIC--1981 INTRODUCTION OF sses sens INTELSAT ATLANTIC AND PACIFIC==1987 INTROOUCYION OF csse
soan ADVANCED ADAPTIVE HEAT PIPES enas L ADVAHCED ADAPTIVE HEAT PIPES seee
YEAR SATZLLITE COST PER SATELLITE NO. OF ODISCOUNTED  BISCOUNTED YEAR SATELLITE COSY PER SATELLITE NO, OF DISCOUKTED  BISCOINTIO
LIFE SATELLITE CAPACITY LAUNCHES US-U5 COST US-FOR COST LIFE SATELLITE CAPACITY LAUNCHES US=~US COST US=FGR COiT
[YELRS) (M%) (K CKT/2) (He) M) {YEARS) (HE) (K CKTs2} (HE) 1l 3]
1975 7 35.0 1046 1.00 17.50 17.50 1975 7 35.0 10.8 1.00 1750 17.50
1376 7 37.7 13.1 0.00 .00 g.20 1976 7 37.7 1.1 d.00 G.l0 8.36
1977 7 4045 12.3 « 30 5,35 5.35 1977 7 40,5 12.3 «30 5,35 .15
1973 7 43.56 13.7 .3t 4.82 4,482 1978 4 43.6 13.7 +31 L. 82 32
1379 T 4649 15.2 + 8B 13.1% 1314 1979 4 45649 15.2 « 86 13.1% 13.14
138 T 5045 16.9 «83 12.52 12,52 1949 7 50,5 16e9 «83 12.52 12.52
1941 7 Skef 19.1 «37 5.53 5.53 1941 7 ShaJ 18.7 37 5488 Sabu
1932 7 5849 21.2 « 86 12.856 12.86 1982 7 5B 20.8 «88 13.£3 13.300
1933 7 63.3 234 el Gell 611 1943 T . B2+.8 230 - 42 . 6217 . Bel?
1954 7 68.1 2640 +58 8.46 8.66 1984 7 6746 2546 +39 8.53 8.53
1945 8 73.2 8.8 +52 B8l 8,84 1985 8 127 20840 «63 890 8.90
1936 L] T8.8 3L.9 »91 12.78 12.78 1686 -] 78,3 3L.5 92 12.25 12.06
1937 8 4.7 I5.4 +93 12.82 12.82 1987 8 ahe? 3544 «93 12.82 12,92
14938 8 31.1 Ja.2 W75 10a14 10.14 1984 -] 91.4 39.2 75 10ci% 1014
1939 8 G8.0 43.5 1,02 13485 11,65 1969 B _ . 98.0 . _43.5 I Y F 13465 13.65
w 1990 8 105.4 48.2 +B5 11.05 it.05 1990 8 105.4 482 85 11.L5 11.45
wr 1991 B 113.3 53.5 .97 12.%0 12.40 1991 8 112,13 3.5 - 97 1250 12.40
w1332 8 121.9 53,4 73 9.13 9,13 1992 8 121.9 -1 N8 73 9.13 .13
1933 8 131.1 65.8 . 1.05 i2.80 12.80 14993 8 13£.1 65.8 1.95 12.80 12.482
199 3 141.0 73.0 .22 14460 14460 1934 8 la1.0 7346 1.22 460 1450
1945 a 1535.7 81.0 1.28 14.93 14493 1995 8 151.7 . Bl.0 L.28 14593 14,93
1936 8 183.2 89.9 1.26 L1427 Li.27 193% a 163.2 89.9 1.28 L4e27 1u.27
15997 a 175.3 99,7 1ebb 15.85 15,85 1997 ] 175.5 99.7 1aub 15.85 15.45
13358 a 1488.8 110.7 l.ul 15.281 15.21 1938 ] 188.0 110.7 leh2 15.21 15.21
1939 -] 20J3.1 122.8 1.54% A 5 3 16.73 1999 4] 203.1 122.8 1.56 16.71 16.71
2310 a 218.5 136.3 1.51 16.56 16.56 2008 ° 8 218.5 130.3 1.51 1656 16.56
26} -] 235.0 151.2 1.72 19.45 19.15 2001 8 235.0 . 1512 1.72 19.15 19.15
25u2 a 25245 167.8 1458 21.17 21.47 2p02 B 252,48 167.8 1.38 21.37 21.17
2043 8 2r1.9 186.2 1.99 22.71 22.71 2003 8 271.9 186.2 1.99 2278 22.71
2034 a 292.5 2C6.6 2+47 23.94 23,94 2000 8 292.5 205.6 2407 23.94 23.94
2005 a 31lt.7 2£9.3 2.25 26430 26.39 2005 3] Jlu.F 2é243 2.25 26+38 26430

PROJECTED COST OF SATELLITES {INCLUDING LAUNCH) PROJECTED COST OP SATELLITES (INCLUDING LAUNCH)

BETWEEN 1981 AND 1986 FOR 0. S. MANUFACTURE AND HETWEEN 1981 and 1986 FOR U. S. MANUFACTURE AND

U. S. USE - §$54.58 MILLION U, 5. USE - $55.05 MILLION




dollars for the Intelsat Atlantic-Pacific cpplications, for a total gross
benefit of 2.7 million dollars, discounted to 1975. Application of the
equation for equivalent annual benefits yields au EAB of 1.5 million
dollars per year for the assumed 12-year operating interval.

The resultant screening score fo— adaptive heat pipes is 1.8 million
dollars. Sensitivity plots which show the effect upon this screening
score of variations in the assumed values of the input parameters are
in Appendix IT. A tabulation of the slopes of the plots is given in
Table 13.34.

Application of the assessment methodology requires specificatiom
of lower and upper bounds ard a modal value for each of the input para-
meters utilized in screening, or the mean and standard deviation.

Table 13.35 contains the input data used for assessment of adaptive
heat pipes.

The assessment, or risk analysis, for the pipes indicates that the
assumed Gaussian distribution of the net present value of the technology
development has a mean value of 1.8 million dollars and a standard devia-
tion of 0.5 million dollars.

The relative ranking of the technology development “rograms being
evaluated is based upon parameters taken from the cumulative distribution
function for the net present values of the technologies. These CDFs
are established by a full Monte Carlo simulation using Beta distribution
random number generators for the input parameters of the NPV equation.
For the heat pipe technology, the input parameter ranges are the same
as those presented in Table 13.35 of the assessment applicatidn. Figure
13.20 contains the histogram of the Monte Carlo simulation results.

The height of each bar is proportional to the number of sample NPVs
occurring within an interval of width 150 thousand dollars. [lhe interval
number is labeled at the bottom of the plot, and a scale indicating the
actual NPV is at the top, of the plot. The histogram indicates that the
distribution is essentially unimodal and near-Gaussian in shape. Tigure
13.21 displays the data of the histogrem in a different form; here the
data points have been normalized by dividing by the total number of

occurrences and by the width of tlke NPV interval so that the resuiting
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TABLE 13.34

SLOPES OF ADAPTIVE HEAT PIPE NPV SENSITIVITY PLOTS

Variable

Slope

Time Delay
Annual Costs for Basic R&D
Length of Basic R&D Interval

Probability that Industry will Implement the
Technology

Annual Costs During Applied R&D Interval
Length of Applied R&D Interval

Annual Costs in Industry Construction Interval
Length of Industry Construction Interval
Annual Benefits

Length of Operating Tnterval

250 k$/year
—~.75 k$/S
~260 k$/year

2800 k§/year

~.19 k$/k$
-200 k§/year
-.19 k8/k$
-160 k$/year
1.5 k$/k$

140 k§/year
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TABLE 13.35
ASSESSMENT PARAMETERS FOR ADVANCED ADOPTIVE HEAT PIPES
QUICK RISK ANALYS1S FGR tADVANCED ADAFTIVE HEAT PIPES

¥#xxxx  INPUT BARAMETERS ARE AS FOLLOWS  *¥yxryx

ODISCQUNT RATE te s s rsatrIrasEnan 06

INPUT BETA PARAMLTERS COMPYUTED
VARIABLZ MIN MODAL MA X MEAM
TIMZ CELAY {(YRS) saasarssansoese 3.00 6.00 9.80 Belu
NASA rR&D
CONJLITLIONAL PROBAUILITY aesssss 1,00 1.04 1,00 l.u4
ANNUJAL GENZIFITS (KE) sanesrenss O.00 C.G0 O+0C Jeo LD
ANNJAL COSTS (KB) eesssceanssaans 167.00 500.00 1000.00 527 .83
INTERVAL LENGTH (YRS) sessasnanas 3.00 3«00 el 3eul
INOUSTRY K&D
CONODITIONAL PFUOBASBILITY assseass A «817 » 95 « 81
ANNUAL BENZFITS (KB) seevescaca t.Lu0 0.00 D.00 dedd
ANNUAL CO3TS IKS) sassnnsssnsna 2006400 300400 400400 ICd.00
INTERVAL LENGTH (YRS) sevansscan 1.00 Ll 1:.0u 1e00
INJUSTRY DEVELOSPMENT
CONDITIONAL °PFO3ABILITY sscesea 1.00 Ls+00 1.0¢C 1.00
ANNUAL BENCFITS (K3) evoasacosss (| IR TRY Oeuv G.0C Jda.al
ANNUAL CO3STS (XB) sscssessssean i0¢.00 Lol.B0 25d.00 158,33
INTERVAL— LENGTH (YRS, 63 d e sk éce .L'GG .L-EG 1-00 1-DU
OPERATION TIME
CONDITIONAL PRO3ABILITY ceassese 1.4 1.00 1.00 1,463
ANNUAL BENEFITS (KB) seeacsesans 76600 1525.00 2303.00 1526.67
ANNUAL COSTS (KJ) ssscosescessa sUU 00 « G0 « 30
INTERVAL LENGTH (YRS) sesevcsss 9,08 12.00 15, 0u 12.0C

THE EXPECTED MT VALUE (K$) EQUALS -=-
1837.2
STANOARD DzZVIATION EQUALS --

526.2
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curve represen.. the probability density function (with unity enclosed
area). Figure 13.22 shows a plot of the cumulative distribution function,
the integral of the protability density function. 1t is this cumulative
distribution function which supplies the parameters to be used in ranking
this technology against other technologies being considered. TFor the
adaptive heat pipe technology, it is seen that essentially all of the
sample NPVs lie betwren about 0.6 million dollars and 3.2 million dollars.

13.8 Summary of Screening and Assessment Results

Screening and assessment methodologies have been applied to nine space
communication technologics in Sections 11, 12 and 13. The assessment
methodology was applied to each vxample technology herc in order to
allow investigation cf the consistency of screening and assessment;
normal application would result in assessment of only a higher-scoring
subset of the screen.d technologics.

The nine space communication technologies analyzed above are listed
in Table 13.36, in decreasing order of screening scores, along with their
gscreening scores (estimated NPV) and their NPV standard deviations as
calculated by the approximate Gaussian technique of the asscssment metho-
dology. It can be seen from this table that the three top-scoring
technologies (millimeter, solid state power amplifier, and lTow cost
earth station) have expected NJ2Vs approximately an order of magnitude
greater than the lower-scoring tcechnologies. The millimeter communi-
cations technology is estimated to have - 24 willion uwollar NPV as a
result of (1) its significantly increased channel capacity and (2) its
long delay time for non-NASA development. The latter factor follows
from the very large investment required for development and flight
demonstration of the millimeter technology. Solid state power amplifier
(14 GHz) technology scored well as a result of the low estimated develop-
ment cost and associated satellite useful-lifetime extension. The relatively
high screening score for the direct demodulation receiver technology for
low cost earth stations resulted from the anticipated large number of
applications.

Midway in the screening score range are the satellite multibeam
antenna and ion engine techologies. The multibeam antenna technology

score was held down by the relatively large development cost, while the
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TABLE 13.36
TECHNOLOGY SCREENING AND ASSESSMENT RESULTS

SCREENING SCORE ASSESSMENT
TECHNOLOGY NPV(MS) STANDARD DEVIATION (M$)
1. Millimeter Communications System 23.8 11.5
2. Bolid State Power Amplifier 22.5 5.6
3. Low Cost Earth Station 10.9 2.1
4. Multibeam Antenna 4.0 1.1
5. lon Engine 3.2 0.8
6. Adaptive Heat Pipe 1.8 0.5
7. RF Attitude Sensor 1.7 0.4
8. Laser Communication System® 1.1 2.7
9. Advanced Solar Array 0.5 0.1

*Laser system data based upon use af approximate break-even benefits.
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ion engine technology score was lowered by the small estimated delay time
without NASA support. The score of the laser communication system is not
particularly significant since it is based upon an equivalent annual benefit
selected near the break-even value in the absence of quantified benefits.

It should be noted that the sensitivity plots of Appendix IIL can be used

to recompute the screening score for a change in estimated value of one

or more screening input parameters.

In addition to the screening scores, Table 13.36 also contains the
approximate (linearized, Gaussian) standard deviation of the technology
project NPVs determined by the risk analyses in the assessment methodology.
Figure 11. shows the Gaussian PDF and CDF curves as functions of mean (u)
and standard deviation (o). By using the screening score and standard
deviation (assessment)} from Table 13.36, one can sketch the approximate
NPV PDF and CDF for each of the technologies to gain additional insight
into the likely outcomes of the technology development projects. A large
standard deviation, relative to the mean, indicates a high degree of
uncertainty or difference of opinio: awong the "experts' polled for the
input parameters; it is inversely proportional to the confidence one

has in the screening prediction of project value.
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SECTION 14
RANKING OF TECHNOLOGIES

Our methodology to this point results in each technelogy being charac-
E @ terized by its NPV PDF, Ranking of the various technologies implies a
ranking of those PDF's. As discussed in our presentation of ranking
methodology, a FPDF cannot be adequately summarized by a single statistic.

Rather, each PDF exhibits a number of potentinlly equally interesting

statistics, e.g., mean, mode, minimum, maximum, standard deviation, range,

PROB NPV>K (K=constant), size of confidence intervals, etc. In general,

it is one's attitude toward risk which influences which is the most useful

ranking statistic.

14.1 Data Summary for Ranking

Ta“le 14.1 presents the raw data for the ranking of the nine technologies.

The data is drawn from the Purs and CDF generated b§ each technology's
Monte Carlo simulation. Only the first five ranking criteria are used for

ranking in the risk spectrum adopted. Other statistics are included .n

the table so readers may easily construct new criteria of interest and
determine their effects.

14.2 Ranking the Nine Technologies

Following the concept of a risk spectrum developed in the ranking metho-

dology discussion, the nine technologies can be ranked according to statistics

which appear to capture the sense of the spectrum points. These points,
their associated statistics, and the corresponding rankings are presented
in Table 14.2. Needless to say, different statistics may be deemed appro-
priri=2 for ranking in other circumstances.

Note the similarities in the rankings. For instance, C and E are
ranked within the top 3 places under all statistics.

14.3 Relation to Screening

Five rankings of the nine technelogies are presented above. An interest-
ing question is the relation of the screening methodology to those rankings.
A test of the screening methodology can be based on the degree of similarity
between the ranking given by screening alone, and the rankings compiled

after more detailed analysis. The screening methodolegy can be judged

successful if its ranking is borne out by the later amalysis,

Fﬁizﬁbﬂ)mﬁ PAGE BLANK MUL Flidas
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TABLE 14.1
PARAMETERS FOR TECHNOLOGY RANKING

TECHNOLOGY RANKING STATISTICS A B C D E F G H J
Minimum NPV (K$) 490 1600 7800 210 5100 890 -4400 -6100 600
Probability (NPV>0) 1 1 1 1 1 1 .98 .60 1
u=g (K$) 1300 2990 17500 416 8200 2430 12000 -1320 1300
Mean (i) (K$) 1830 4080 23000 533 10400 3200 23100 1000 1690
Maximum NPV (K$) 3200 7200 39000 930 17000 6400 61000 9800 2800
Range (Max-Min) (KS$) 2700 5600 31000 720 12000 5500 66000 16000 2200
Standard Deviation (3) (KS) 529 1080 5490 117 2160 776 11100 2320 390
utd (K$) 2360 5180 28500 651 12500 3980 34300 3330 2080
Probability (NPV:[d) .13 .02 .12 .12 .14 .09 .12 .10 .07
o Mode (K$) 1630 3860 21700 531 10200 2880 19200 1500 1640
[w))
90% Confidence Interval:
Upper Bound (KS$) 2700 5900 32000 340 13000 4400 44000 4500 2300
Lower Bound (KS$§) 920 2300 14000 730 6900 1800 3900 -3500 1000
Letter  Technology Letter Technology
A Adaptive Heat Pipes F Ion Engines
B Multibeam Satellite Antennas G Millimeter Communication System
c Solid State Power Amplifiers H Laser Communication System
D Advanced Solar Arrays J RF Attitude Sensor
E Low Cost Earth Station




TABLE 14.2
RANKING TECHNOLOGIES

RANKING*
RISK ATTITUDE STATISTIC 1 2 3 & 5 6 7 8 9
Ultra Conservative MIN NPV cC E B F J A D G H
Somewhat Conservative PROB(NPV-0) (A B C D E F JF*¥G H
Moderate b-0 G E B F J A D H
Somewhat Risky " ¢ E B F A J H D
Very Risky MAX NPV 6 ¢ E W B F A J D

%Code letters identifying techneologies are based on Table 14.1.

#%A11 tied for first position.
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Since the objective here is to compare ordinal rankings, a quantita-
tive method is appropriate. For any two rankings of the same items, the
quantitative method should assign a value indicating the degree to which
the two ramkings agree. Let 0 indicate the greatest possible disagreement,
ani 1 perfect agreement. Let Rk denote the ranking by criterion k, and
r, the rank of the ith technology in the ranking Rk' For example, suppose
k=1 is MIN NPV, and k=2 is {i. For three technologies A, B, C, the results

might be R, = B,C,A and R2 = A,B,C: where the technologies are ranked in

1
descending order of value. A quantitative measure of agreement between

Rl and R2 is needed. TDenote that measure by M, and let

[
12,2
iEA(ri Ty )

M(R]_!Rz) =1 - 7
& 1 2.2
where Z = MAXIMUM .2 (r.  -r.°)
i=A" 1 i

Z is the normalizing factor which scales the last term between 0 and 1,
If there is perfect agreement the last term is O and M(Rl,R2)=1. 1f
complete disagreement prevails, the last term is 1 and M(Rl,R2)=O. Since
the ranking methodologies allow ties, Z must be calculated allowing the

possibility of ties. In this case, 2=9 which occurs if R.=A,B,C and

R2 has B and C tied for first, with A third. Table 14.3 }llustrates the
calculation. Note that if the rankings simply reversed each other, e.g.,
A,B,C and C,B,A; Z would equal 8. For the hypothetical rankings given
above

1+14+4
- =

.33

M(Rl,RZ) =1 -

indicating a low level of agreement between Rl and R2.

A quantitative assessment of the agreement between the screening
ranking and final rankings can now be carried out. The calculation of Z
for the 9 technology case is shown in Table 1l4,4. Table 14.5 details
the calculations for the relation between screening ranking and MIN NPV
ranking. Calculations for the other comparisons are done analogously.

The results are summarized in Table 14.6. Note that screening was a
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TABLE 14.3

CALCULATION OF Z FOR THE THREE TECHNOLOGY CASES

Technology Rank under Rl Rank under R2 Difference2
A 1 3 4
B 2 1 1
c 3 1 b

9 =12

z=mx Y - % = a-n?s @’ e
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TABLE 14.4

CALCULATION OF Z FOR THE NINE TECHNOLOGY CASES

Technology Rank under Rl Rank under R2 Difference2
A 1 9 64
B 1 8 49
C 1 7 36
D 1 6 25
E 5 1 16
F 6 1 25
G 7 1 36
H 8 1 49
J 9 1 _64
364 = Z
'
Z = MAX ). (rik - rik Y2 = (-2 + ...+ (9-1)? = 364




TABLE 14.5

CALCULATION OF M (SCREENING RANKING, MIN NPV RANKING)

Technology Screening Ranking MIN NPV Ranking Differenc:e2

A 6 6 0

B 4 3 1

C 2 1 1

b 9 7 4

E 3 2 i

F 5 4 1

G 1 8 49

H 8 9 1

R 7 5 4
TOTAL 62

62

M {Screening, MIN NPV) = 1 - 36h - .83
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‘ TABLE 14.6
|
MEASURES OF AGREEMENT BETWEEN
THE SCREENING RANKING AND THE FINAL RANKINGS
MIN NPV PROB(NPV > 0) p -8 fi MAX NPV

Screening .83 JAad .99 1.00 .94

,;"‘\ f /
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perfeet predictor of the p ranmking, almost perfect for {i-0, and quite
good for MAX NPV and even MIN NPV. The poor relation between screening
and PROB(NPV>0) can be explained by the large number of ties which the
latter ranking resulted in.

14.4 Relation Among the Five Final Rankings

Just as the measure of agreement is calculated between pairings of
the screening ranking with the final rankings, so can such measures of
agreement be calculated among the possible pairings of the final rankings.
This would be no mere acadmic exercise. Since the rankings represent points
along a risk spectrum, we should expect rankings based on risk attitudes
close to each other on the spectrum to show more agreement than rankings
further removed from each other. Operationally, this would amount to
demanding that the rankings not be too sensitive te small movements
along the risk gpectrum. It would be disconcerting indeed if the decision
maker were equally disposed, in his risk attitude, tc adopt either a
i or §i~0 ecriterion for ranking, but the actual rankings based on those
criteria differed substantially! A test of the rankings' sensitivity
to risk is important. Such & test can be basad on the expectation that
the M(Rk.Rj) between some criteria should be higher than for others.
Letting the five identified points on ths risk spectrum (from MIN NPV to

MAX NPV) be denoted as R, through R

1 5
M(R ,R,) > M(R;,Ry), M(R;,R,), M(R ,R;)
M(Ry5R;) > M(Ry,R,), M(R,,Re), M(R;,R,)
M(RB,R[;) 3M(R1,R4), M(RZ,Ra), M(RB,RS)
M(R,,R5) > M(R;,Rs5), M(Ry,Rs), M(Ry,:R)

s We expect

In order to test these conditions, the matrix of M's must be available.
This matrix is presented in Table 14.7. Reading from that Table, the

conditions may be tested:

75 > .52, .44, .26
.52 > .51, .46, .52
.99 > .44, .51, .90
.95 > .26, .46, .90




TABLE 14.7

MATRIX OF MEASURES OF AGREEMENT FOR THE FLVE RANKING CRITERIA

MAX NPV

MIN NPV PRbB(NPv > 0) a~ fi MAX NPV
MIN NPV 1 .75 .52 N .26
PROB(NPV > 0) 1 .52 .51 .46
i -8 1 .99 .90
f 1 .95
1
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Note that all the tests are passed. This establishes both the meaningfulness
of the spectrum concept and the proper sensitivity of the actual rankings.

14.5 Ranking Summary

Five technology rankings have been presented. Which one is best?
The Georgia Tech research team would opt for the ranking given by the
moderate risk attitude, using the statistic p-d. Table 14.7 shows a
very substantial agreement between the p-0 and the §i and MAX NPV rankings.
The only substantial difference between 1~G and MIN NPV or PROB(NPV>0)
is the placement of Technolegy G, Millimeter Communication Systems. These
differences are easily explained. With regard to MIN NPV, G has a large
possible range, which is expected from a technology with high mean value.
Certainly a low MIN NPV should count against a technology. However, the
probability of a negative NPV is omly 2%. The technology is not as risky

" as the ordinal MIN NPV ranking might overtly suggest. With regard to the

PROB(NPV>0) statistic, G ranks a poor 8th only because 7 technologies have
a probability of unity that NPV>0. For G, its probability of a positive
NPV is 98%. Again, this ranking seems to overplay the risk of G. Thus,

AN
the moderate attitude toward risk, corresponding the criterion P-o, best

represents the Tech teazm's assessment of the one best ranking.
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SECTION 15
CONCLUSIONS

The questions of whether or not NASA should support the further develop-
ment of space communicatioms technology and which technologies, if any, should
be given the highest priority have been attacked from a cost-benefit point
of view. Both qualitative and quantitative methods for &ddressing the issues
have been formulated and applied. The screening, assessment, and ranking
methodologies have been applied to conceptual communications systems and
subsystems which resulted from the user preference and technology state-of-
the-art surveys. Baseline scenarios were defnied that included forecast
demands for communications channels and forecast channel capacity per sate-—
llite as well as estimates of improvements in communication systems result-
ing from specific technology developments. Using these scenarios, estimates
were made of the value to the nation of U.S8. govermnment support of the develop-
ment of space communications technology.

A set of nine technologies have been carried through the screening,
assessment, and ranking mechodelogies. Eight of the nine technologies
(all except low cost direct demodulation earth station equipment) passed
the qualification test based upon market failure (the failure of tie private
sector to provide adequate financial incentives to potential developers).
The quantitative methodology application resulted in mean and standard deviation
values for the net present value of each proposed technology development
program., A ranking of the techmologies according to several statistics of
interest has been developed and is presented below for the means. The
technologies are listed in order of decreasing value.

(1) Millimeter communications systems

(2) Solid state power amplifier (satellite)
(3) Low cost earth stations

(&) Multi-beam antenna

(5) Ion engine

(6) Adaptive heat pipe

(7) RF attitude sensor

(8) Laser communication system

(D Advanced solar array

This ranking is according to economic considerations omnly, and is to be used

as a design aide by_the decision maker; it is not an end in itself.

377 FRICEDING PAGEH BLANK MOT PILMED




The screening, assessment, and ranking methodologies developed
within this program provide a consistent, tractable, defensable, and
quantitative approach for evaluation of potential NASA research and
development programs. The consistency was achieved by the use of similar
criteria in the screening and assessment stages and was demonstrated
by the high correlation between screening scores and final technology
ranking. Tractability was assured by use of the appropriatc level of
detail in the quantitative analysis, and the defensability resulted
from the use of a performance criteria accepted within the economic
profession, net present value.

Economic evaluation of the technologies from this cost-benefit view-
point has shown that certain technologles should be implemented with
government support te accrue maximum benefits to the natiom as a whole.
That is, the value to the nation of government-supported early develop-
ment of the higher-ranked technologies significantly exceeds the cost.
NASA, as th.: appropriate government agency; should play an impottant
role in advancing future communications technology since otherwise,

the benefits described im this report would not be realizad.
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APPENDIX T

ANALYTICAL ASPECTS OF EXTERNALITIES AND INTERDEPENDENCY

A. Externality Considerations
In Section 2, Part I of the text, it was pointed out that when social or
private costs or benefits diverge, public intervention can improve overall

welfare. The following provides insight into the discussion from a mathe-
matical viewpoint.

For simpliciiy, a very simple economic model can be used. The conclu-
sions as will be seen, are simply thus: first, in presence of exterpalities,
the pursuit of individual self-interest does not result in the best interests
of society being observed (vis a vis Adam Smith's famous "invisible hand"
doctrine which states that usually individuals, in pursuit of their own
selfish interests are led, as if by an invisible hand, to do what's best
for everyone) and second, it's possible for govermment action, directly or
indirectly, to appropriately modify individual behavior to be in accord with
social objectives. These conclusions are generalizable to more complex

situations.

The model posits two individuals, A and B, each of whom consumes only

two goods, % and Xy However, person A receives satisfaction; or utility,
not only from his own consumption of Xy and Xy but frem B's consumption of X -
For example, x, may be landscaping and B's front yard dominates the view from

A's front porch. The utility function of A can be represented as

UA = UA {x )

14’ *2a° *1B (1)
where X1 is the amount of x, consumed by A, and so on.
B's utility function is
B B
Uy =1u (xlB, XZB>. (2)

We assume both A and B experience diminishing marginal utility in their con-
sumption of xl and Xy That is, the more units of a good consumed (per time
period) the less satisfaction is gained [iom the marginal unit. Nonetheless,
we also assume that an additional unit always confers some positive amount of

utility. More concisely,

FRECEDING PAGE BLANK MOT LG
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5;;. >0, J =AB; andi=1,2 (3
J
and

s [~ <0, =AB; i=1,2

13 %4k

Figure 1 illustrates the relevant concepts. Note the upper figures illustrates
that more consumption always yields more utility, but at a diminishing rate.
The lower figure, derived from the upper, shows that extra (or marginal) uti-
lity from another unit of consumption is always positive, but the increment
increases with increasing consumption. Each figure (la and 1b) reflects
conditions (3).

Economic theory posits that each individual allocates his given income
among the alternmative goods available to him so that he maximizes his urility.
Letting IA and IB represent the money incomes of A and B; Pl and P_ the unit

2
prices of = and Xy3 the problem faced by A iz

MAX UA(x

X

s Xo,y X.o)
]_A’XQA 1A 2A 1B (4)

s.T, PlxlA +P2x2A = IA

Note that A's control variables (written under "MAX") include x A has no

1B’
control over the amount of Xy and B purchases, even though A's welfare depends
on it. Necessary conditions for the solution of (4) as derived from the as-
sociated Lagragian expression:

L = uA(_x-lA, X )+ MI, - Bxgy = Boky,)

oA’ 1¥1a 7 T2%2a

These conditions are:
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A _ 3T _ e =g (5)

BxlA BxlA 1

%2, ®
aa o

L . _

T S T R T )

Dividing (5) by (6), the Lagragian multiplier, A, may be eliminated,

as is dome in (8). Conditions (7) and (8).

aut

a3

s  _ B (8)
sv® 7, '
BXZA

characterize the optimal solutiom to (4), A's self-interest problem. Assume

Fhe solution to (7) and (8) is Xy and X9,

In like manner, B's self-interest solution can be computed. It would

be some velues §1 satisfying, in particular:

B> *28

et = 1 (9)
a® P2
BXZB

Now let us consider the problem from a social welfare point of view. We
define the social welfare function W = W(UA, UB). That is, society's level

of well being depends on the well being on its members.
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Let us investigate whether the solution to the overall social problem

is consistent with x = {xlA’ Xoa» ¥1p° Fop 1.

The social welfare problem is

MAX UA(x
F1a* %oar *1° ¥op

B
140 Fonr Fp)o U (xpps Fop)l

- +
5.7, Pl(x1A + xlB) + ?Z(x2A + xZB) 1A IB

In words, find the amounts of x which society can afford and

12 2a T
which yield the greatest overall level of welfare. The first order condi-

tions are
W BUA
A, "= 0
U 1A
oW au’
Ak, "My =0
al 24

w oot W vt

~ A, =0 (10
A Bxl UB 3313 1
W Wt -, =0 (11)
2
UB Bx

Iy Ip = Pyl + xp9) - Pyl + x,5) =

Let the solution to these conditions be x% = (XlA*’ T xlB*’ KZB* )-
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Now let us investigate whether x is consistent with %, in particular

focusing on x the'externality inducing consumption of x., by person B.

1B’ 1’
First, to eliminate the Lagrangian multiplier, divide (10) by (11),

yielding:

bt P
Oxy g + 9% 5 By

BXZB BXZB

i}

Now, in comparing (1lla) and (9), the RHS (right hand side) of each is
identical, which means the solution to (9) must make the LHS of (9)

identical to the LHS of (1la). That is

au® wt A
g -~ "p , s
T
% % %n Pyp

In order for (12) to hold, some reflection indicates that

" 7 ¥ (13)

This is becéusé, as stipulated in (e), 3/ Bxij (BU2 Y <« (. Thus, to
9x,
1]

reduce the numeratoxs on the RHS, x,.% must be increased beyond X

1B 1B.

This is clear from Figure 16. The interpretation of (13} is simply that
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the socially optimal amount of %, for person B to consume is in excess
of what his personal self interest dictates. This is intuitively quite
reasonable: since B does not consider the benefit that A derives from
Xqp» he provides less than would be provided if A's benefit was considered.

The social welfare approach considers both A's and B's consumption of

LITT whereas the self-interest approach of B does not.

The conclusion we must draw is that if B were directly or indirectly

1B £rom X1p to X~ the overall

level of social well-being would be improved.

induced to increase his consumption of x

%ﬂ" 3, B EEE L Lo
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B. INTERDEPENDENCY OF PROJECTS

Interdependent Production or Consumption along with public goods, is per-

haps the most significant class of externmalities. Our initial discussion of

externalities drew on a consumption interdependence; person A's utility

i
{
H
£

depended on B's consumption of x For completeness, we now briefly present

It
a case of production interdependence based on pollution. Assume two firms
located along a river, the upstream firm discharges an effluent into the

river as a byproduct of its production process, and the downstream firm draws

water from the river for use in its production. The downstream firm must

b treat the water, at some cost, to remove imporuties. The more impuri-

ties, the greater the cost, Each firm's goal is the maximization of its

own profit, The overall social goal is the maximization of the value of pro-
duction. Let firm A be upstream and B downstream. It will be convenient to

introduce some notation.

e L A

; Q, Output of Firm i
‘L C;, Total Costs of Production for Firm i
Pi Selling Price of the Output of Firm i
Hi Profit of Firm i
Ei Effluent of Firm i
v Net Social Value (a market oriented measure of social welfare)

Firm A seeks to maximize

A
= — C= 4
n, =?,Q -C, where C, =C (QA)
C Cc
A, o, 3}_3_% s 0
N, Q, 9Q,
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The latter conditions state that marginal cost is positive and increasing

over the relevant range. Finally, for firm 4,

E
A 3A

i.e., its level of effluent depends positively on its level of output.

Letting ﬁA be A's profit-maximizing level of ocutput, QA is such that

Py = 56; (14)

which is simply the first order necessary condition for a maximum of HA'

- C
Similarly, is such that P_ = 3 B . However, C, = C_(Q,, E,).
B B B*7B A

Y S B
oQ
That is, B's costs depend on A's e%fluent, which B takes as given.

The social objective is to maximize

V= (2,0, +PyQ) - (€, +Cp)

i.e., the total willingness to pay for output less the total costs of

producing it. Expanding V, we have

A B A
V=P, * PiQ - CM(Q) - C Qg E(Qy)]
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A relevant first order condition, which the socially optimal production

of A,, A*’ muot satisfy is

a =3, T Ak 9,

Now let us examine the difference between 'QA (the self-interest production
level of firm A) as given by (14) and QA*, the socially optimal production
level given by (15). Tigure 2 illustrates the key aspects. The Inter-

section of PA and BCA at x determines QA according to (14). Likewise,
aQp ch L
the intersection of PA and_i + 8C @ at Y determines QA* according
8 Optt 9
N I

to 15. Note that QA* < QA as long as 3G~ 3E 0. And this, of course,

aQ
aEA A
is indeed the case.

Thus, a production interdependence-~one firm's cost function dependent
on the output of another--gives rise to an externality. That is, it results
in social and private costs diverging, leading to a non-optimal resource

allocation: too much QA tends to be produced.
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