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FOREWORD i

This report was prcpared by prime contractor Goodyear Aerospace Corporation

and subcontractor Stanford Research Institute under NASA Contract NAS=5-10295,

The work was administrated by Goddard Space Flight Center. Mr. W. Nyberg,
Code 733, was the NASA Technical Officer throughout tihe program.

This report covers work that was started November 1966 and completed August 1968.
J. Roth was the Goodyear Aerospace Project Engineer with B. R. Stack of

Stanford Research Institute serving as Project Engineer on the subcontract.

The work reported hwerein is the result of a cooperative effort by a number of
persons from Goodyear Aerospace Corporation and Stanford Research Institute.

Volumes I and II were prepared by:
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E. J. Roth Goodyear Aerospace Corporation

B. R, Stack 'Stanford Research Institute
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personnel,
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ADVANCED DASSIVE COMMUNICATION
SATELLITE SYSTEMS COMPARISON STUDIES

&
INTRODUCTION

In 1963, the Rand Corporation completed a generalized study of passive
communication satellites (Ref. 1). Based upon their conclusions and recommenda-
tions, considerable government and industry investigation have been performed
in the areas associated with passive communication satellites. However, these
prior efforts, which dealt primarily with passive reflectors in low altitude .
orbits, « i not reflect the recent advances in passive satellite technology and
did not include sufficient comparative cost analysis. In that sense, previous
studies did not provide sufficient data to permit a realistic comperison with
corresponding active satellites. The purpose of this Advanced Passive Communi-
cation Satellite Systems Comparison Study Program was to review the recent
advances and to combine€ these new technologies to establish for the 1970 time
period, a state-of-the-art, feasible, adyvanced passive communication satellite
system for synchronous orbit. This system was then compared against an appro-
priate advanced active communication satellite system.

e e S S

The results presented in this report represent the most up-to-date
analysis of the comparative effectiveness of active and passiye satellite
systems. They are considered unique in connection with the study of systems
utilizing passive reflectors in stationary orbit since no previous studies of
such systems have been pertermeﬁ,

The following sectiom naaﬁinf% comprise the major areas of investigation
during the study and provide tie main body of this report:

et m T e [

1. TECHNOLOGY BASE

- This section is a summary of each of the major components which o
comprisge an active and/or passive communication satellite system. e
These areas contain state-of-the-art and projected near-future . ¥
capabilities along with their associated costs. K

e, S
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et

ECONOMIC AND TECHNICAL COMPARISONS OF ACTIVE AND PASSIVE
COMMUNICATION SATELLITE SYSTEMS

ol 7
no

PO ST e
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From the technology base, components are selected to fabricate a
future passive and active communication satellite system. These
advanced systems are compared on a technical and economic basis
for two representative applications:

i
i
i

a. A poinéFto-poin& system for two-way voice communications

b. A one-way televiéion“broadcasﬁ‘system




3, TECHNICAL CONSIDERATIONS OF ACTIVE AND PASSIVE COMMUNICATION
SATELLITE SYSTEMS .

In addition to the economics of comparable systems, which is the paime
concern of Item 2 above, other factors may determine the utility of
any communlication satellite system. This section considers some of
these operational problems such as coverage areas, interference to
other facilities, and the utilization of the already overcrowded
spectrum.

L. ANALYSIS OF THE RELATIVE PERFORMANCE OF A PASSIVE COMMUNICATION
SATELLITE SYSTEM AT FREQUENCIES OTHER THAN X-BAND

This section considers the merits of operating passive satellite
systems at frequencies as low as 2 GHz and up to 100 GHz.

5. CONCLUSIONS

Conclusions based on this study are delineated. The conclusions,
although based upon specific comparison, are extended in this section
to the general case of active vs passive satellites. This section ;
provides recommendations as to future investigations, development, 3
and possible implementations of passive communication satellite

systems.

6. APPENDICES

: The appendices provide, in detail, some of the more significant
| areas which comprised the basic framework of this study.

TECHNOLOGY BASE

EP ity
e gm0 o

General

AL

//

//

This section is a summary of the major constituents that are, requlred to
define and establish a satellite, either active or passive, commynication system.
Each of the following areas contains state-of-the-art and projected near future
capabilities along with the associated costs (where applicable):

PREANENE . v AMETRNLY

y / (1) Passive Satellites

‘ (2) Active Satellites

{’, (3) ZLarge Aperture Antenna Systems —
| (hj High Power Microwave Transmitters ' R - ’ : i

(5) ZLaunch Vehicle Capabilities ,, | —




Passive Satellites

Types of Passive Satelllites.- Reflectors of various designs were considered
for use as passive satellites To facilitate the comparison, these general concepts
were categorized into two groups. The first, summarized in Table I, consists of
those potential satellites whose reflection characteristlics are such that no
satellite stabilization or orientation is required. Table II delineates the
general classes of passive reflectors whose application as communication satellites
requires some type of attitude control.

The specular sphere, which has been employed as a passive communication
satellite, is the simplest of the non-stabilized types. The remainder of the
non-stabilized reflectors in Taeble I all strive to achieve a higher gain-to-
weight ratio than that obtaingble with the sphere by virtue of tradeoffs toward
frequency, angle or time sensitivity .

The reflectors of Table II tend to yield a higher gain but at the expense
of additional complexity and the requirement for continuous attitude control.
The attitude control requirement, whether accomplished actively or passively,
reduces the payload weight which can be applied solely for increased cross
section. If an active attitude control system is employed the satellite's useful
lifetime will most likely be limited to the lifetime of the attitude control
system itself.

Of particular interest among the stabillized passive satellites are the
spherical cap and saddle reflector. The spherical cap or lenticular satellite
is derived from a segment of a spherical surface. This concept has received 3
r4£tensive consideration in the past since it literally discards that section
of the sphere not required for the reflection to take place, thus greatly
increasing the effective cross section to weight rutio.

g

S

The saddle reflector is a new concept. It's name is derived from its
physical shape. The saddle is a portion of the surface of a hyperboloid of
cie sheet and has reflecting properties quite similar to those of the spherical
Cap. B >

it g g
Bar Rt g taty il

.
T e b

One unique property of the above two concepts is that the beam into which
they scatter the incident energy is independent of the capture area they present
to the incident energy. Stated in another way, the satellite gain and beam
coverage ares are independent. !

The additional concepts of Table II are all capable of achﬂeving extremely
large gain to weight ratios. However, unlike thc spherical cap and saddle
reflectors, these reflecitors all have a gain-beamwidth dependence. Therefore,
the large gains achievable with these reflectors necessarily result in very
narrow beams which in turn demands highly accurate stabilization and would
restrict the applications of these type reflectors to point-to-point services.

Passive Communication Satellite Selection.- On the basis of gain-to-weight
ratio considerations, non<stabilized reflectors are not competitive with the

[
i
3
i
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Table I. Non-Stabilized Passive Satellites

1.

Specular
Spheres

Advanced Spherical Reflectors
Lezns Reflectors on a Sphere

Non=-Specular
Diffuse Reflectors

Volume Scatterers
Dipole Reflector Clouds
Dipole Reflector Belts

Table II. Stabilized Passive Satellites

Curved Surfaces

Spherical Cap __

-— T e -

4 .
Q Saddle Reflectory—-—-—Selected Concept
P

- e emme G GEm G wm

Flat Surfaces
Flat Plate ‘
Flat Plate Statistical Surfaces

Corner Reflector

Reflectors on Flat Surfaces

Collimating
Shorted‘Feed Parabolic
Shorted Feed Spherical

Arrays

3
i
{1
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R _:‘4!,‘;/:};;%.5 WS
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stabilized types. That is, even with the addition of a weight allowance for
attitude control, the stabilized reflectors appear to offer an order of magnitude
or more improvement in the gain-to-welght ratio achievable with a sphere. This
factor is illustrated in Figure 1, which i1s a plot of gain vs weight (gain
referenced to 8 GHz) for several reflectors, including the sphere.

o = Sgaddle
— e == Lensat

140
130 Flat Plate
120 B L’ Shorted Antenna
B 110 - _ ——— i
I - e m— = e =16°
% T e |
100 1~ S e - — e = = © = 4O°
% ’ } /"C// -
s e=16° ST 2~ |
."g 0 I // -~ _ — |
N / _—" Sphere
O = )-I-OO —
/ -
70 , { | L | l L L | ' I
1 h 16 6l 250 102k

Figure 1. Weight Vs Gain for Various Reflectors

It should be noted that spheres of the size associated with Figure 1 are
probably not practicable to build, even if they were competitive on a gain-to-
weight basis. ;

It is also apparent from Figure 1 that the reflectors whose gain and beam=-
width parameters are related, offer extremely high gain-to-weight ratios. This
is 1llustrated by the included plots for the flat plate and for the shorted
parabolic antenna, which confine the series of plots on the upper ead.

However, associated with the high gains for these two plots is an extremely
narroi beamwidth, resulting in relatively small ground coverage anc¢ & require=-
ment for rather accurate attitude control. For example, with reference to the
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_than the lenticular satellite.

flat plate plot, the aperture size range between 10 feet and 60 feet with corre=-
sponding beamwidth of 0,75 to 0,125 degree respectively.

It is a factor inherent with stabilized reflectors that the direction of the
main beam of the reflected energy is fixed by the direction of the incident field
relative to some attitude vector of the satellite. That is, the direction of the

beam from a given ground station, reflected by the satellite, cannot be controlled
once the satellite is positioned and pointed.

ks
However, a desirable feature of a communication satellite“system is the
capability to receive signals at a number of ground stations when transmitting
from any particular site and vice versa. To achieve this flexibility, in view
of the limitation defined above, it is essential that some control be exercised

over the width of the beam of energy reflected from the satellite. That 1s, a
wider beam is required.

While the beam can be varied for any of the stabilized reflectors, it has
been noted that, for other than the curved surface reflectors, variations in
the beamwidth result in corresponding changes in the radar cross section or
gain. Furthermore, the beamwidth for the curved surface reflectors is independ-
ent of frequency, but directly related to the frequency for the other reflectors.

The above factors greatly affect the utility of the passive satellite in a

system application and form the background for selection of the curved surface
reflectors.,

" Gain vs weight plots for the lenticular satellite and the saddle reflector
are includec, in Figure 1. Plots are included for a representative range of
beam angles, emphasizing this flexibility aspect.

It can be noted that the saddle and lenticular satellite gain/weight E
characteristics are fairly compatible over the range plotted. However, the
saddle reflector has been chosen for the comparative analysis of this study
because its struectural characteristics permit a tensioned reflecting surface
with extremely good tolerances and inherently greater load bearing capability

Saddle Description.-As mentioned, the saddle reflector (Figure 2) 1s derived
from a portion of the surface of a hyperboloid of one sheet. 1In its orbital con-
figuration such a reflector can be obtained utilizing a structural approach wherein
the entire reflecting surface is always in tension. The basic elements of the
approach are illustrated in Figure 3.

5
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Here, the reflecting surface has basically an octagonal planform with
catenaries to distribute the load from structural member attachment points. The
surface is tensioned by eight bowed structural members jointed at the hub. The
bowed structural members are each comprised of a series of telescoping triangular
trusses, deployed by drive members located in the hub.
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vaddle surf
rface Hyperbolold of one sheet

Figure 2. Saddle Reflector Derived Frem Hyperboluid of
ne Sheet

Structure Members
Hub

Reflector Surface
Figure 3. Saddle Reflector and Structure Geametry ‘ 7
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A detailed description of the saddle shape, the telesceping booms, :
deployment mechanisms, deployment sequence and packaged configuration is given
in Appendix A.

Saddle Gain.- The gain (Reference Appendix B) of the saddle reflector is
detined by the radar cross section referenced to an isotrope.

2
8 A
where
/ = radius of curvature of satellite
A = wavelength

The angle @ +to which the reflected energy is confined is referred to as
satellite beamwidth and is similar to the antenna beamwidth of active satellites.
The relationship between the passive satellite diameter, D, and its beamwidth
and gain is

2
¢, - [ 4 5 D
A ©
It should be noted that the beamwidth does not uniquely define the reflector
gain as is the case in parabolic antennas.

Figure 4 is a plot of the saddle reflector gain as a function of diameter
and beamwidth.

Weight Budget.- Because of the cost gap which exists between Titen IIIC +
Burner II and the Saturn V launch vehicle, a 325-foot diameter saddle reflector,
whose weight and launch volume are commensurate with the maximum payload capa=-
bility of the Titan IIIC + Burner II, is the largest reflector utilized in the
study.

The weight budget for a 325-foot saddle reflector and associated subsystems
is as follows: (Assumed lifetime -5 years)

Reflector | \ 1o
Structural members 1070
Hub and deployment actuators : 310
Membrane (1/2 mil aluminized

Kapton) e 400
TOTAL 1780

TT&C System (S 50

Propulsion System | 640

Power System ; _ 330

Control System _ 65
TOTAL - 2865 1bs
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Figure 4. Saddle Satellite Gain

Included in the welght budget are tile reflector; supporting booms, solar
cell arrays; a rigld hub containing electronic equipment and deployment mechanisms;
and a propulsion system for station keeping (Appendix C).

Parametric weights, as a function of equivalent reflector diameZer, were
generated for the saddle satellite, in a menner similar to the preceding. Two
assumptions were made concerning the packaging diameter available for the
structural members.

The first was that the packaging diameter is a function of reflector equiva-
lent dlameter with packaging diameter assumed as follows:

The weights for this analysis are shown by the upper'curve of Figure 5.
The second assumption was that the packaging diameter 'is -8 constant 20 feet
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which would be compatible with the Saturn V launch vehlcle. While a limitation
was placed on the dlameter utilized in the analysis, this program was run for
diameters from 10C to 1600 feet. The results are indicated by the lower curve
on Figure 5. This curve was then extrapolated to smaller diameters (reflector
dieameters as shown by the dotted line.

Satellite RDT&E Costs.~ The saddle satellite RDT&E costs have been esti-
mated on the basis of cornsideration of the following major cost elements:

(1) Engineering design and test costs Cy
(2) Tooling costs Cy
(3) Development test model costs Cq
(4) Flight test unit costs Ch
(5) TFacilities costs Cpn
(6) Ground support equipment costs Cp
(7) Management costs CCT
(8) Documentation, coéts Cy

The above major elements combine in the following manner to yleld total
RDT&E costs.

RID&E cost = C, +C, +C, +C_ +C, + CF +C

p* O+ Co*CptCy ¢t C

G H
For the passive reflector under congideration, each of the terms in the |
above expression can be expressed directly as a function of satellite dlameter ;

(D), with the exception of Cy and ¢

5’ |

That is,

¢, = 1300p%

Cg = 13.2Dl'“ + 4,U5 x 10t

dc = (6ot 4 1,15 % 1°) W'

Cy = (Moon1°“ + 1.35 x 106) N

Cg = L.71 (D + 30)2 = h.?lng + 282,6D + 4240

Cp = gop*** + 0.27 x 10°

1l

Cwnd




where

' X
N = number of equivalent development units
N = nuvwber of delivered units.

It should be noted that while the flight test unit cost includes pro-
visions for launch support costs, the booster costs have not been included.

CG and CH are expressed as simple percentages of the first six terms in

RDT&E cost expression described above. That is,

cG=o.06 cA+cB+cc. +cD +CE~+CF:,]

1.h

= 0.28260F + [83.50 + 27.68 +24] DMt +  16.96D
.+ [0.0001 + 0.069N"+ 0,087 x 10°
¢y = 0.05 EA $0p +Cy +Qp +0p+ c;.‘,]
= o.3550° + [69.7 +230 +2ow] D* 4 asp
6

o+ [0.0159 + 0.0575N + 0.06758 ] x 10

The final expression for RDTXE cost can then be written as

RID&E cost = 5.230° + [1546.5+ 511+ L) pted

+ 304D + [ 0.354 + 12770 + 1.5087] x 10°,

The RTD&E costs are plotted in Figure 6 as a function of saddle aperture
diameter with'the assumption that three equivalent development units will be
fabricated (N' = 3) and that two flight test units will be delivered (N = 2).

For the 325-foot reflector the RTD&E costs are $22.01 M. The $22 million
is distributed as foliows among its 8 previously defined major cost elements:

Cy $ har M
Co 0.09
Cq | | | 9.0k

which when ‘assembled wchx1 comprise a complete unit,

12
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H =H O

$ 5.32
0.59
0.54
1.17

0.99
TOTAL $22.01 M

Q QG Q
=0

Satellite Production Costs.- The unit satellite production costs have been
related in terms of the saddle aperture diameter as follows:

o, = yoop** + 1.35 x 108

- Utilizing the above expression, the per unit development test model costs
are equal to 1.15C, while per unit flight test costs az¢ equal to l.OCi,;and’ground
support equipment costs are equal to 0.2001.

The expression for unit production costs is plotted in Figure 6 as a function
of satellite diameter D. Unit cost for the 325~-foot reflector is $2.66 M.

The above expression for unit production costs has been used extensively
throughout this study in trade-off analyses and systems comparisons. Tt has
been noted that some variation in the expression occurs due for example to con-

siderations of lifetime, However, such variations are small and within the
"noise" of the estimate.

ot el zﬁ‘-@-‘,ﬂjr}‘;‘;;,‘,}z«:iuw o I S,

: As an example, the unit production ccsts quoted above for the 325-foot
o diameter unit break down as follows for the subsystems:
| | Structure $ 1.068 M
{j | TTRC 0.300 ;
’W Power Supply 0.700 | | .;%
v Attitude Control 0.026 :
- - Propulsion ‘ k 0.320
Total $ 2,410 M
with the remainder of the cost being associated with integration, fllght accept=-
ance testing, quality assurance and so forth. O
,': é .
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{
R ey )
N




SRR il ki

B

e A

L teead e ma— i -+

Active Satellites

General,~- For the immediate future, the capaclty of active communications
satellites will be limited by the amount of power they can radiate toward the
earth. This so-called "down-link'" limitation is largely due to the economic
cost of orbiting high power transmitters in space, with their attendant large
and heavy spacecraft structures and solar power supplies. However, the ability
to orbit large steerable antennas (preferably with multiple beams) will ease
this transmitter power problem and permit a much higher ERP through the passive
antenna gain. At this point satellite capacity will probably become limited
more by repeater instantaneous bandwidth than power.

The Present Status.- The basic spin-stabilized communication satellite
design, so successfully demonstrated with Syncom in 1963, has now evnlved
through several design modifications to become the standard commercial communi-
cation satellite (Intelsat IIT) for use during the 1968-72 time period. Mejor
design changes evolving during the transition from Syncom through Early Bird
(Intelsat I) and Intelsat IT, to Intelsat III include larger size, higher power
amplifiers, and higher gain antennas. The pertinent parameters of these sate~
llites are shown iy Table IIT, As may be seen, both the power level of the finel
amplifier and the gain of the antenna have been increasing over the five-year
period, With incrgased satellite size, higher RF powers can be supported by the
increased solar panel area available and with increased confidence in setellite
attitude stabilization and attitude measurement, higher gain antennas may be
used. TFor global communication systems, antenna beamwidth is limited to earth
covergge plus some overlap for satellite attitude errors. Intelsat I has
demonstrated the sbility to "squint" the antenna off axis and limit the beam
to less than earth coverage in a north-south direction. Up through Intelsat IT
all transmit beams had been donut shaped because of the spin stabilization of
the vehicle. However, on Intelsat III a mechanically despun antenna will permit
essentially earth coverage beamwidth.

The Future Satellites and Their Costs.~ Three prime areas for future sate-
11ite communication improvement exist: (1) sateliite transponder design,
(2) satellite transmitter power output device, and (3) satellite antenna gain.
The critical items for down-link performance are shown in Figure 7. Actually,
of course, the total system performance must be looked at for an optimized
solution since down-link performance reflects back on up-link performance in
terms of many of the same type of parameters shown in Figure 7; e.g., the
satellite ERP and the satellite front end noise temperature are inversely
proportional given a fixed allowable up-link noise contribution.

The above selection of critical areas depends on several assumptions:
(1) frequency allocations will be such that available bandwidth will be
no 1imitation, (2) the ability to economically produce d.c. power up to
several kilowatts will exist, and (3) the cost and technical capability of
producing ERP on/the ground will be such that despite improved down-link per-
formance, the up-link will not become limiting.

15
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The state=-ofestheeart in the generation of DC power (and as a result of
RF power) in space with solar cell technology 1s advancing at a rapid psce.
Discussions with manufacturers indicate that approximately 35 watts of RF power
at X band can be considered as state~of-the-art with flight quelified components.

The estimates of future capability of active satellite to generate RF
power vary rather widely with manufacturers. The following values are based
on data obtained from Comsat Corporation (Ref, 2) and represent the best estimate
available at this time,

r, = Specific pover (watts/1b) = 9 w/lb 1972 technology
18 w/1b 1975 technology
p = DC to RF conversion efficiency at 8 GHz = 0.25 é
m = Functional allocation of payload to power supply = 0.35 é
n = Fraction of DC power allocated to spacecraft ’
electronics and batteries = 0.5 i
WT = Spacecraft payload

Therefore, the RF power can be estimated from Prr = mprg WT (1 - n),
and using the above figures with rg based on 1972 technology,
Ppp = 0.4 Wp 3 thus, for satellites with different weights the RF power can
be estimated as follows. The cost of R&D associated with the development
of these satellites and the estimated satellite unit cost based on Comsat
Corporation estimates are also shown.

e it b A e et e

DC RF Pover Cost of Unit cost
Payload | power R&D of
wgt.(1bs) | kw Watts dB ($M) Satellite
1000 3.2 boo 26 | 27.4 5,1
! 2000 6.4 800 29 35.0 9.0
| 3000 9.6 1200 31 42,0 11,5

The total cost of BR&D includes the development of new designs required
to produce high RF powers, the development of new antennas with very narrow
beamwidth and flight qualification tests, :

I

In case of the lover power Satellite SAT-1 which represents the existing
state=of-the-art, the principal R&D costs required are those associated with
development of narrow beam antennas,




Because of the wide divergence of views between various manufacturers con-
cerning the R&D costs of developing antennas with 1 and 2 degree beamwidth, and
; meeting the associated pointing accuracy and stabilization requirements a compro-
3 mise figure of $10 million has been adopted.

B

For 4 and 8 degrees (at 8gHz) it is assumed that only minor modifications

; are required. In case of high power satellites these costs are absorbed in the
| total R&D costs estimated by Comsat Corporation and are listed in the previous

! +table. These costs do not include a flight test which is considered necessary

; before any new designs may become flight qualified. Accordingly, the total cost
o of the R&D program can be presented by the following equation

Cp = Cpp + NG + 1.1C, (1)
af

5 where i
| CT = total R&D program cost
; Cep = B&D cost
’ CS = flight satellite unit cost

CL = cost of launch

N = number of flight qualified satellites required

Tt is assumed that boosters required teo 1lift various payloads into sta-
-tionary orbit and their respective cost are as follows:

Payload Wt. L Booster | Laﬁnch Cost . j

1000 . Atlas-Agena ! BIT $ 8.1 Million 9
2000 | 'Titan ITIC . $15.9 Million }
3000 Titan IIIC + BITI $18.1 Million i

It is also assumed that two flight qualified satellites are manufactured as
part of the BR&D program. Thus, N =2 in Eq. (1).

The ERP which can be produced by these satellites can be calculated from
the formula : 4 A TN ‘

o ~ ERP = RF power + antenna gain

& e
| =

E 20




PR = L -
< L
il 2 = . 68

M AT

o - 1
Antenna gain = 1 - cos(6/2)

where © = half power beamwidth in degrees

Tt is also assumed that approximately 3 dB loss is fucurred as a result
problems associated with stabllization pointing accuracy, antenna despinning,
ete,

Accordingly, the ERP capability of these satellites can be calculated from
the above relationships.

The pertinent data including costs is summarized in Teble IV. There are
listed four types of satellites representative of existing and future state~-
of ~the-art, which are designated as follows:

L
Low=power SAT=-1  represents existing state~of-the-art and is
-~ assumed to have a payload weight of 1000 1lbs.

High~power SAT-2) represent future state-of=-the-art in high
SA,T-B; power satellites and their payload weight is
SAT-4) assumed to be 1000, 2000, and 3000 lbs
respectively.

Large Aperture Parabolic Antenna-Systems

Little practical experience is available in the erea of large size communi-
cotion antennas. Because of the improvements in the efficlency of active
satellites, the design trend appears to be toward reducing the size of such
antenna systems rather than towards increasing them. However, for passive
satellite systems large antennas are sometimes desireble and even mandatory.
Some information is available in the fleld of radio astronomy on large
antennas. It must, however, be applied to communiecation systems with some
discretion. -

7y ,

The objective of this part of the study was to estimate the maximum gain
that can be achieved with a single parabolic dish ground antenna (Appendix D).
Multiplate, arrays, and other types of antennas capable of large eyuivalent
apertures are considered in Appendix E. ,

Recent progress in microwave technology and digital information processing
has already resulted in noticeable advances in the state of the art of large
size antenna systems and has laid the foundations for further improvements. Of
particular usefulness was the application of computer aided snalytical technlques
to the design of large antenns structures. Additionally, improvements in illumina-
tion and spillover efficiencies such as hyperbola subreflectors and "dielguide"
techniques for Cassegrain systems indicate substantial increases in the overall
efficlency of large parabolic antenna systems. : ‘

iy
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The gain of an ideal parabolic reflector 1g given by

where A = reflecting area
) = wavelength

In practice this gain is reduced by some overall antenna aperture efficiency,
7 g+ Thus for a circular aperture, equation (2) becomes

2

77T is a composite of several factors and ¢en be written as

Nr = N1 M2 M3 7)1; Ns (W)

i

degradatlon due to random phase errors resulting from

where )
1 surface errors

Ne
M3

77h = power reflection coefficient

i

illumination efficiency

i

illumination spillover efficiency

7)5 = fractional power absorption due to resistive losses

Ruze (Reference 3) has shown that the relationship between the loss of
gain and the surface deviation can be expressed by

e
¢ e oewn o [ P 1l 2C 2 _( c= o JELZQ
s —rexp-~(5)+77(1))exp (5)%17),7] (5)
whers  G/G, = reduction in axial gain relative to a no-error gain
D = antenna diameter
C = radius of area where phage values are completely cprrelated
3.2 = phase front variance produced by rms surface error, d
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For reasonable tolerances, and small correlation regions the second term of
equation (5) may be neglected. Thus

— ;
- mexp - (9 ) = exp-[«uy“d] (6)

o A

and from equations (3) and (4),
: 2
- 1D } b a

G 7" % [-——-}\ ] exp - [—-—-——-—7\ : ] (7)

where 'nx = na 7'3 ".}1} 7’]5
d = effective reflector tolerance (rms deviatioén value from

best fit paraboloid)

Figure 8 shows the deviation in gain for some surface roughness from that
of the ideal parabolold as a functlon of frequency.

Tdeal Gain (4 = 0)

Gain ——a

vel., of light
Homdg

P =

Figure 8, Gain Deviation from Ideal Paraboloid Due to
.:Surface Irregularities '
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Recent improvements in antenna designs as described in Appendix D indicate
potential increases over those previously assumed. Based upon these advance=~
ments a figure of 0.6 for 7 , will be used as a state-of-the-art figure.

In order to estimate the practical limits on surface tolerances, the values
of "manufacturing precision" parameter D/d for existing antennas are plotted in
Figmre 9. Using these values it is possible to determine a quantity g called
"manufacturing precision per foot of antenna diameter".

d
qQ = ——s
12 p

Values of d i,

3 =0.02 0.03 0.0§ 0.05

100 7

X lO3

1.0 e | Y} l [ IR |
100 200 300 400 600

Antenna Diameter  ft.

(8)

Radio Astronomy Antennas

1, Jodrell Bank
2. Gfeenbank
2. Stanford
4, Parkes=Csiro
5. Michigan
6. Lebedev
7
8
9

. Haystack
). Haystack

-(In radome)
. Camroc

(In radome)

- Communication Antenuss

10, GPO Goonhilly
11. JPL, Goldstone

(85 ft.)
12, JPL, Goldstone

(210 ft.)
13, JPL, Goldstone

(210 in radome proposed)
14, KpT, Japan
15. Radio Research Lab., Jap
16, Deutche Bundespost, Raisting
17. Philco, Italy

&

P

Figure 9.;Mbnﬁfacturing Precision of Existing and‘Proposed Antennas

// .

25

e e e




Based uposn a 100-foot antenna with a 0.04 inch rms surface tolerance and a
210 foot feflector with an rms tolerance of 0.17 lnches a value of
q = 3.3x%1077
where d 1is in inches
. D is in feet
l
Discussions with manufacturers and analysis of antenna design possibilities
for a 400-foot antenna included the CAMROC (Reference L) report indicate that
these values are reasonable for exposed antennas. From equation (7) and the -
value for gq the following results ;
| 2 2 :
- % D b x 4 D 1l
; G- = (—-—‘> exXP. - [-—-—-’ ] e -—-—-—] * (9
Ny X Pe X | L | T )
i where ,A and D are both in feet.
'@ Under the above assumptions for 1\ = 0.6 the optimum performance for
1i various frequencies are given in Table V> and gain versus antenna diameter is
g plotted in Figure 10. ©
é Table V. Optimum Antenna Performance Under Practical Conditions ;
i Approximate Maximum} Approximate %
-  Gain dB Obtainable Antenna i
fé Frequency 1 in Practice with , -6 © Diameter g
Yoo Ge . Surface Toler.= 4D 10 D ft i
il . ' :
f 1 58 ¢ 400 Fo
b 2 60.9 . N 288 i
3 62.6 238
g i 63.9 200
5 5 64.8 a 180
7 66.3 » | 150
f; 8 66.9 o 1hk
e 9 - 67.3 136
] ;
i 10 67.8 ‘ | © 130

*
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The cost of such antennas has normally been expressed in terms of the
antenna diameter according to the formula

Cost = nDF (10)

where D is the antenna diameter in feet and n and p are constants. The
weakness of this formula is quite apparent.

The use of equation (10), although it yields the cost, does not impart
any knowledge as to the exact gain of the antemna. Without such knowledge,

‘equation (10) conveys little information except in an "intuitive sense," which

is often misleading.

.~ As a result, an attempt has been made to develop an expression (Appendix F) for
the cost of large parabolic antennas that would answer the following question:

"What is the minimum cost of G(dB)of gain at an operating
frequency of F(GHz), and what is the best antenna diameter
and the required rms reflector surface tolerance under these
conditions?"

To answer this question the following approach has been developed.

Since the gain of an antenna depends on its diameter (D) and on the rms
surface tolerance (d), as shown in equation (7), the cost of this gain is a
function of the cost of D and the cost of d. The least total cost will be
obtained for a specific set of values of D and-d which must be determined by
minimization of the cost equation. In order to accomplish such minimization,
d must be expressed in terms of D (or vice-versa). Thus the following steps
are necessary:

Step 1: Express the rms surface tolerance as a function of the entenna
diameter: . o

a = £(D). | | A (11)

This is a subjective decision based on available dgta and knowledge‘df
manufacturing techniques. .The value of the rms surface tolerance obtained in
this manner is called "basic tolerance corresponding to the diameter D."

_From the preceding value of g (3.3 x 10-7)

7R ’ :':{?\\
{ : <
N

4 “

'd o uDg
Y-

)
7
<
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with both D end 4 in feet. Any other tolerance d, will then be expressed

as a fraction (a) of d; i.e., 1
d
1
a = ‘ (13)
d
or
d1 = ad
Substituting into equation (11), the following is obtained
4 = af(D) (1ka)
or
&, = a (40°/100) (14
1 = &l 14v)
Step 2: Express gain in terms of D and dl’
Using equation (7). for antenna gain G, in general
¢ = x(D) y(q;) | (15)
Substituting equation (1lka) into equation (15)
¢ = x(0) y(af(D,> (16a)
or specificeally
2 ) 5 o
~ D] " [k« D | '
o = X2 exp - ca . .| (16p)
& [ A J [ A 105 ]
Step 3: Determine fractional‘increase in antenna cost "b" associated
with fractional change of basic tolerance d (represented by a):
b = k(a) | | L . (17)
or | |
| o =k (b) / Hat
i

pred gpmrveirs i 13
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This cost relationship can be determined from available data and constitutes
a subjective input. For this study it was concluded that over a restricted range
of variation an inverse relationship would be used

b = 1l/a (19)
Substituting equation (18) into equation (16a),

G

il

X(D)y [kl (b), f<n>} . (20 a)

or specifically,

2
2
7D L 1 LD
¢ = exp = . . 20b)

E [T] [ p) T ] ( :
Fquation (11) can now be solved for b, ylelding f;
b = N(D,G), (2le) H
or !
K1D2 vJ ;?
o . 1’ . (21b) o
2w [x ] - Ln?_?lgl/ 2 | 4
where ;

. 9 9
Kl = l6ﬁFx. lQ and K2 = V” n Fx 10 (F in GHZ) ¢
6 C

l2C x 10

Thus, the fractional increase in antenna cost (b) associated with a change
in the basic rms surface tolerance of the antenna can be expressed as a function
of antenna diaméter and the gain that will be produced.

Step 4: Determine the cost of the basic antenna with diameter D and
‘associated tolerance d defined by equation (8): :

:c* = M(D) | O (22)

3

Ve
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This cost equation is the one that is normally quoted as "the cost of
an antenna with diameter D and is sometimes represented by equation (10).
The exact relationship used for this study was

¢ = 28.802° 4 (23)

Step 5: Obtain the formula for the cost of an antenna with any dismeter
D and any tolerance dl’ This relation can be obtained by combining equations

N (21) ana (22):

¢ = M(D)xb = 28.80%°%2 .y (2L)

Lo K D2

2.} 1
M(D) N(D,G). = 28.8D i : (25)
’ 2 [In kD - Ing] 1/2

i

d ﬂm,&mww‘ Sy e e e

Step 6: Minimize the total cost. Equation (24) represents the total ;
cost of an antenna with arbitrary rms surface tolerance and diameter, It !
is of interest to minimize this cost for any required gain G. This can be
accomplished by setting G at the required value, differentiating equation (25)
with respect to D, and equating the result to zero. This will yield the value
of Dopt that satisfies the minimum cost condition: '

,
.
P TR S S .

Cp . au(d) a N(D,a)
o = 0= MO yipg) 4wy LHRL) (26

L Since G is a constant we can solve equation (26) for D, obtaining Dot

~as a function of given gain G. We can now use this value of D % in p
equation (21) to find the corresponding value b 4 of b. The P otal
minimun cost of the antenna is found from equat®8i (24) using velues of D,
and bopt' For this study the total minimum cost is

pt

SR e e R ok

Gy = (28.8) (b)) (%) (1) - en

This is plotted in Figure 1l.
Step 7: Determine the value of rms surface tolerance d, required to

produce gain G with antenna diameter Do' for minimum cost condition. Sub-

stituting the value of b . found aboveginto”equation (18), we find "a", Y

which is then used togethBr with D 4 1n equation (14) to find the rms

tolerrnce d, . A |

<

R T AR T TR R R R S SR
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The procedure of the last two steps can he summarized as follows:

ac,
T::: 5) . .
(A) = O yields the value of D for minimum cost D = Dopt'
(B) Using Dopt’ compute

bopt from equation (21) for given G

(D) -
Cypy from equation (24), using Doch and bopt
d opt from equations (18) and (14).
For a required value of gain G,the minimum cost CM is thus obtained and
plotted in Figure 12,

The costs considered above do not take into account antennas operating
with radomes. Radomes may reduce the overall ground station costs by reducing
the cost of the antenna (Appendix G).

The development of all these equations and figures 1s described in
Appendix F. The assumptions on which they are based are discussed in some
detail in order that the reader may get & clear conception of all the factors
affecting the accuracy of the final result.

High Power Microwave Transmitters

Since the capacity of a communication link employing a passive satellite
is directly proportional to the transmitter power, a high transmitter power
is desirable. L

The ability to produce high power at microwave frequencies depends pri-
marily on the type of power amplifier employed. Klystrons, traveling wavetubes,
and crossfield amplifiers are used to genesrate high power in the microwave
band. The klystron amplifier has the highest power handling capability with a
reasonable efficiency. It has been estimated that an average power up to
30 megwatts might be achleved fr#h a single tube if sufficlient funds were pro-
vided for its.development. The bandwidth of the klystron amplifier becomes its
limiting parameter. Tunable bandwidths are generally large but operating band-
widths are nominally on the order of one percent. As the absolute power capa-
bility is decreased bandwidths up to about 5 percent become available. The
traveling wave tube (TWT) provides the greatest bandwidth capability with 20 to
25 percent being readily achievable, but maximum power and efficlency are the
limitations on TWTs. Cross=-field amplifiers fall midway between klystrons and
TWTs in terms of power. One advantage of cross-field amplifiers is that their

power efficiency can be as high as 80 percent. Table VI is a comparison of these

major characteristics. Some successful attempts have been made in paralleling
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Table VI. Comparison of Microwave YTransmitters

Parameters Klystron THT Qross=Field
Amplifier

Avallable

Power = KW 1000 2.0 375

Estimated |

Maximum -

Power = KW 30,000 1 30 375

Bandwidth 0.5% = 5% 20-30% 10%

Efficiency - 60% 47% 80%

At i e e B

g 4: e "‘ S -

two or more tubes to achieve higher powers. It is possible to achieve output
phase coherence by applying phase correction between the inputs to the power
tubes and a common driver; however, modulation bandwidth can be severely
reduced unless the output tubes are closely matched.

Appendix H provides a summary of available tubes capable of 100 kw or
more., In addition in that appendix is a more inclusive list showing the
commercially produced tubes having outputs in excess of 20 kw with operation
frequenclies between 1 and 10 GHz.

In the frequency range of 1 to 10 GHz, absolute output power is more or
less independent of operating frequency. Costs, however, increases exponentially
with increased power. Iigure 13 shows some representative cost points for

various output powers. From this curve a best fit equation for the cost for
transmitter power amplifiers can be given by:

dost = o5 p0°63

where P is in watts.

The cost of the output power amplifier is only one of the many expensive
items in a transmitter. Other basgic items comprising a typical transmitter
procurement are:

(1) D.C. power supply
(2) magnet

(3) heat exchanger

35
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; .% (4) dummy load
i (5) exciter
(6) racks and other structural elements
(7) instruction maipals, sketches and manufacturing drawings
. é | (8) remote controléianel

fvé; " ( (9) assembly and integration costs.
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Based upon Appendix H, the méjor elements and thelr assumed cost relationships

are shown in Table VII.

Table VII. Transmitter Costs

Mgjor Transmitter Elements Cost Equation
Power Amplifier ¢ = 25p°+03
Magnet, Heat Exchanger, Dummy Load ¢ = 25PO'63
and associated wavegulde parts
Exciter, Remote Control Panel, C = 25?0'63
Racks and other structural members
Instruction Manuals, Sketches and C = 25PO‘63 -
Manufacturing Drawings
D.C. Power Supply ¢ = 25p°+63

If several power tubes are used in parallel the total transmitter cost

would then be given as:

mm;= 75 (m + k) (4 )063 + %PQ&
where P = total delivered power in watts
k = number of opereting power tubes
m = number of standby power tubes

On the basis of the datd presented in Appendix H, the following limiting
characteristics were assumed in this study for a high power transmitter in the

1970 time period'

Operating frequency
Modulation bandwidth -
. Rated output power
Opérating outputupower
S1gnal to distortlon ratio

Tube mean time to, failurek )
at 90% C.L, «

M.T.T.F. of transm;tter
(excerps ‘pover tube) at 90% C.Ls

Prime. power reqalred

8 GHz -
- 300 MHz
625 kw
500 kw
. 16 db

20 ,400 hours

2 3 years of continuous operation

h 400 hours
(5 years)

1.5 megwa+t<
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, adapted from the Surveyor spacecraft retro-motor.

Launch Vehicle Capabilities

The launch vehicle study was directed toward an evaluation of the capa- )
bilities of existing boosters, boosters presently under development and a f
projection of these capabilities forward to the 1970 time period, the objective
being the selection of a minimum cost launch vehicle for satellite injection.,

The flight path chosen for a payload and the payload welght determine what
capabilities are required of a launch vehicle. The United States has developed
a family of launch vehicles which are compatible with the variety of space missions
now foreseen, Justification for such a development 1s, in part, economical for it
allows selection of a minimum cost launch vehicle consistent with the orbital and
peyload requirements of a particular mission.

The capability of the current launch vehicle family capable of synchronous
iiijection and examined in the study 1s given in Table VIII. The passive and
active satellites utilized in the study align themselves in the weight range “of
1000 to 3000 pounds. An examination of the characteristics in Table VIII and
consideration of the payloed volume, avallabilities, etc. of these boosters led
to standardization of three launch vehicles for the study. These are the Atlas/
Agena + Burner II (BII), the Titan IIIC, and the Titan IIIC + BII with approxi-
mate payload weights of 1000, 2000, and 3000 pounds respectively. While it is
not expected that the Atlas Agena will be availaeble for launchings in the 1970
time period, it 1s used since it is belleved to be representative, from a cost
and weight standpoint, of boosters yhich will become available to fill its gap.

A brief description of the various pertinent launch yehicles is given in the
following paragraphs.

Thor/Delta.- Since its evolution, the Delta has undergone several modifica-
tions. The various models have been used successfully in the Echo, Telstar,
Relay and Syncom communication satellite programs and a new Delta (Model M) will
launch the first Intelsat III or British Skynet series of communication satellites.

The Delte is a three-stage launch vehicle for medium weight satellites.
Included emong the upgraded versions are the Thrust-Augmented Delta (TAD). The
TAD first-stage was a modified version of the Thor launch vehicle with strap-on @
solid propellant motors. for thrust augmentation. The second-stage was an ;
improved stage from the Vanguard and ThorABLE programs. Radio guldance in the /
second stage provided velocity and attitude control. The Thrust~Augmented Delta
also adapted *he Scout developed X-258 to replace the Vanguard third stage used
on earlier vehicles. The newer Delta, TAD, increased the capacity of the second
stage by adapting and extending the propellant tanks from the Able-Star stage.
Tt also adapted the USAF developed FW-4 solid propellant motor to replace the
X-258 third-stage capability. Payload capability of this improved Delta 1s
illustrated in Figure 1k, |

The current version of Delta (Model M) incorporates the USAF Long Tank Thor
first stage, the improved Delta second stage and a,§°1id propellant third stage

38




[ *

2 Table VIII. Synchronous Launch Vehicle
N Capabllity and Costs

Payload To‘ Estimated
Launch Vehicle Synchronous ~ Costs
(1b) (Meg $)
(]
Delta 210 to 290 3.7
2 Atlas (SLV-3A) & 'vena D . 500 8.0
1§ ~Wwith Apogee Motor 1100 8.k
s
s Atlas (SLV-3A) & Improved
jg, Agena . 850 8.0
‘gé With Apogee Motor 1340 8.4
?§j Atlas (SLV-3C) & Agena D - .
e with Apogee Motor | 900 8.4
‘?.“(
% Atlas (SLV-3C) & Improved |
£ ~ Agena R50 8.0
& with Apogee Motor ‘ © 1100 8.
¥ Atlas/Centaur + Bunner T 1850 14.2
g Titan ITIC ”g‘ - 2050 | 15,9 °
R Titan ITIC + Burner IT 3000 © 0 18.1
B Saturn V | 47000 203.0
:, NOTE: Some variation in weight and cost as a function of source
g was noted and some judgment Was, therefore exercised in
z} the above listing.

The Long Tank Thor uses lﬂdUnd oxygen and thrust augmentation is pro-
vided by three solid motorw4 CPre Véhltl& has a synchronous transfer capa-
bility of 785 pounds. L oo ~

Now being proposod 1o V';an uprated Delta. The uprated Delta. uSes
I the présent first and third stages and fairing integrated with a new hydro-
gen/oxygen second stage. Uprated Delta increases the synchronous transfer
capability to 200“ pounds and could f111 the gap left by the Atlas/Agena
phase-out. 2
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Figure 1k, Thrust Augmented Improved Delta Payload Capabilities

Atlag/Agena.- Atlas/kgena is a two-stage all-liquid propellant vehicle
capable of orbiting relatively heavy earth satellites and placing into escq\e
trajectories, lunar probers and interplanetary and planetary exploration spa@e-
craft. The first stage “is an Atlas vehicle. There are several versions of the
Atlas booster which can aécept the Agena upper-stage. The Atlas includes the
SLV-3A and SLV-3C. The SLV~3A is 117 inches longer than the SLV-3 and has
increased capability. While it is four feet shorter, the SLV~3C has tide same
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The upper-stage Agena is a liquid fueled, single engine vehicle with
nultiple re-start capabllities. When used as a launch vehicle, the Agena
{after separation) also becomes a satellite with its own stabilization and
control system, power supply and re-entry capability.

An improved Agena is currently under development. Virtually identical
to the Agena D 1s external configuration, the improved Agena utilizes a
different propellant which will permit pad holders of up to one month. This
improved Agena also offers restart capabilities.

Figure 15 shows the payload capabilities of the Atlas/Agena D. 'The
Atlas/Agena may also use as an upper stage the Burner II. This is a solid
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Figure 15. Atlas/Agenan Paylgad Capabilities“”




fueled single engine vehicle which can be adapted to a variety of boosters for
precise orbit insertion and maneuverability of payloads in space. Originally
~developed for use with the Thor booster, the Burner II must be modified for
payloads weighing more than 200 pounds and/or flying on other boosters. The
design modifications are avallable. Burner II, which weighs about 300 pounds at
burnout, becomes attractive when the spacecraft cannot be made to include an

- apogee kick motor for a loss of useful payload weight less than 300 pounds. It
is also attractive where three-axis attitude control is favored over spin sta=-
bilization for the transfer orbit coast.

Atlas/Centaur.- The Atlas/Centaur is a two-stage liguid-fueled vehicle,
Standing 100 feet high and weighing 300,000 pounds, this is the most advanced of
the Atlas based series of launch vehicles. It develops d& thrust of more than
300,000 pounds and can fly unmanned lunar and planetary spacecraft beyond the
capabilities of the Atlas/Agena launch vehicles.

Centaur is a flight-proven high energy upper stage powered by two liquid
oxygen engines, It develops 30,000 pounds of thrust and has a single restart
capability. The weight which the Atlas/Centaur can place into orbit is shown
in Figure 15.

The Burner II 1s also readily adapted to use the Centaur vehicle. Mating
of the Burner II with the Atlas/Centaur would provide a launch vehicle that
could be used for certain types of radio and TV broadcast satellites.

Titan ITIC.- The Titan family provide# ‘a capsbility greater than any other
existing system with the exception of Saturn. TIts boosters use solid and liquid
stages and strap-on motors. The basic building block of the booster family is
the Titan IITA which uses a Titan II core and maneuverable transtage. The Titan
ITIC, currently the most powerful in the Titan family develops 2.5 million
pounds of thrust. It employs two five-segment 120-inch strap-on motors as stage
zero, the two core stamges of the Titan ITIA and the transtage upper stage.

Guidance and other services for the entire Titan booster are packaged in the
transtage which is capable of synchronous orbit injection using inertial memory.
Figure 16 shows the Titan III standard serodynamic fairing and figure 17, payload
capabilities of the vehicle. Figure 17 alsoc shows the payload capabilities of a
Titan IIIC/Centaur. Such a combination is under study for orbiting large communi-‘:
cation satellites. ' :

The Burner II can also be adapted for use with the Titan IIIC. This allows
an additional 900 pounds to be launched into synchronous orbit.

Saturn i,i0Snteur.- Saturn IB is a two-stage launch vehicle designed to per- 5
form large payIBad, manned and unmanned space flights. The three-stage Saturn IB/
Centaur is an advance version which will be capable of placing 9800 pounds into
synchronous orbit. The three-stage vehicle weighs, less payload, aybut 1,282,000
pounds at launch. e

e
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Figure 16. Standard Aerodynamic Fairing
(Titan III-C)

The first stage of the Saturn IB/Centaur is an S-IB developed &nd
qualified on the Redstone, Jupiter and Saturn I vehicles: The second stage
is an S-IVB above which is housed the guidance, control and flight instru-
mentation systems. Centaur has its own guidance and control system which

~controls the stage after its separation from the S-IVB. .
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Figure 17, Titan IITI-C Payload Capability

The payload capabilities of the Saturn IB/Cen’caqr is shown in Figure 18.

Saturn V.- Saturn V is a three-stage launch 'vehicle; erﬁploying the S' I-C

first stage, the S II second stage and S-IV B third stagé. The instrumentation
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bvin'the’figure,,these are small and can be approximated by a single line.
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Figure 18. Saturn IB/Centaur Payload Capabilities

unit ie basically the same on both Saturn IB and Saturn V vehlcles. Saturn V-
stands 363 feet high and produces 7.5 million pounds of thrust. It has the
capability of placing over 142 tons into a low earth orbit or 47 000 pounds
into synchronous orbit.

Synchronous Payload Cost - Figure 19 is a plot of the cost of weight
inio synchronous orbit. Cost of some of the launch vehicles are plotted and
extrapoletions made in order to determine approximate cost required to launch
a ‘particular payload into synchroncus orbit. Some variance in cost and peyload
capability was experienced in conducting the survey. However, as can be seen -
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Advanced Vehicles. - In the past, new launch vehicle requirements have been

satisfied by operating vehlcles, adding strap-cn motors, combining new stages,
developing velocity packages and kick stages and. when required, by new vehic¢les
such as Saturn V for the Apollo program. Such a procedure provides cost effective-
ness and reliability and is expected, to continue. Currently under development

is the Titan IITIM with first launchirigs expected in late 1968, This vehicle
replaces the Titan IIIC five-segment motors by seven-segment motors. It is designed
to launch 3,200 pounds int®d synchronous orbit with 3.2 million pounds of thrust.

- Additional improvements in the Titan IIIC are envisioned in the Titan IIIF. The
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IIIF tekes advantege of the seven-segment motors used in the Titan IIIM and
core modification. It employs a second-stage restart or an increase of
12,000 pounds in the transtage propellant to increase high attitude capability.

An additional improvement in the Atles is the Atlas SLV 3X. This booster
would increase the thrust of the SLV~3 but retsin the present susteined thrust.

As previously mentioned, a study is under way for mating the Titan IIIC
and the Centaur. Mating of the Titan family with the Burner II is also planned.
Burner II is an attempt at developing a new upper-stage., In addition to its
adaptability to the Titan IIIC, Atlas/Centaur and the Atlas/Agena vehicles, it
can be used as the second stage of the Atlas and the third stage of the Thor/
Delta. Other new upper stages have been proposed to satisfy the requirements
of high velocity missions., These include a "High Energy Kick Stage" whose use
of fluorine as an oxidizer mekes it a vehicle truly representative of advanced
technology.

Other vehicles and new combinations have been proposed for filling exlsting
gaps, such as that of the Saturn booster, and for creating increased cost
effectiveness. The development of these vehlcles will depend in large measure
upon their utilization.

ECONOMIC AND TECHNICAL COMPARISONS OF ACTIVE AND
PASSIVE COMMUNICATION SATELLITE SYSTEMS

General,
Guidelines.- This section analyzes the conditions under which a systenm

vtilizing passive satellites may prove to be more advantageous than a system
where active satellites are employed.

In any system comparison, two primary factors are of importance:
(1) Technical performance
(2) Uost effectiveness

If one system offers unique techn ‘al advantages which the other cannot
offer, and if these technical advantages are required because of operational
considerations, no true effectiveness comparison is possible since no choice
exlsts. However, if both systems are capable of similar technical and opera-
tional performance, then the comparison of the total costs of establishing
and operating these systems ylelds a criterion for the determination of thelr
relative effectiveness. ;

The comparison of actlve and passive satellite systems must, therefore,
be based on the evaluation of the following characteristics of each type of
system under study.
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(1) Unique operational properties
(2) Teehiical limitaetions
(3) Costs

The unigue features of passive reflector systems which cannot be provided
with active systems are of particular interest. These feetures may be important
in many cases and may therefore dictate the choice of the orbiting element. The
usefulness of these unique properties will normally depend on the mission to be
accomplished. In some cases, however, these properties may also become important
when future growth of the system or its operation in changing environment is con-
templated. These aspects of the problem will be considered later in the report
when speclfic system configurations selectod for analysis are discussed.

Basic Comparison Criteria.- In order to preserve as much generallty in the
study as 1s possible, the following guldelines for the comparison have been
adopted:

(1) The systems to be compared will be those designed to carry con-
ventional communication traffic such as voice, data, and
television.

(2) The technical effectiveness of the systems will be compared on
the basis of the total number of communication channels that
can be provided by each system with a single satellite in orbit;
the channels in both systems meeting the same performance require-
- mentg.

(3) 'The required channel performance will be specified in terms of
the signal-to-noise ratio at the output of the user recéiving
station.

(4) The primary comparison criterion will be the totsl relative cost
of establishing and operating each of the systems under study when
the total required number of channels in each system is the same,
and when channels in both systems meet the same performance
apecifications. ' :

(5) Since only a relative cost comparison is required, the cost of
user stations, which is identical in both systems, does not have
to be included in the cost analvsis.

Comparative Analysis of Point~to~Point Voice Communication Systen

In this section passive and active communication satellite systems which
provide two-way voice communications from point~to-point are compared. For the
passive system case a ground based repeater and reflector in synchronous orbit
is assumed to provide the required system gain for operation between the smaller
user terminals. Active satellites with hard limiting repeaters comprise the
active system.
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Comparison Criteria. - The s;"stems are compared as to their technical
effectiveness in terms of the total number of channels each can support. The
primary comparison criteria, however, is the cost per chamnel of the specified
service as a function of the totdl number of channels provided by each system.

Limitetions on the Scope of the Study.- The authorized scope of the program
did not permit the analysis of all the pertinent factors and has necessitated
certain limitations on the system parameters which can be listed as follows:

(1) The study is limited to systems employing frequency modulation
and, utilizing frequency division multiplex (¥DM) method of
multiple access

(2) Operating frequencies are 8 GHz uplink and 7.25 GHz down link

(3) All user terminal stations in the system are of one type. This
implies that the effective radiasted power (ERP) of all user
transmitters is the same and that all user receivers in the
system have the same fm threshold and the same sensitivity (G/T).
As explained later in the text, five different types of useyr
stetions have been considered in the analysis,

(4) The methods of system traffic control are not considered in
the analysis of cost~effectiveness. This approach was taken
since the state-of~-the-art in the area ¢f system traffic con-
trol techniques for active satelllte systems with many accesses
i1s in its infancy and could not be reasonably included within
the scope of this study. Accordingly, the analysis does not
include the loss of system capacity and additional costs which
would be associated with such traffic control subsystem.

All these restrictions are discussed more fully in the pertinent sections
of this report.

System Configurations.- Two system conflgum tions were selected, one for
the active and one for the passive satellite systems as shown in Figure 20,
These two configurations were designated as Systems Al and Bl,

System Al: System Al is a frequency division multiplex multiple access
system utilizing active satellites in stationary orbit, providing two-way voice
communication between small ground terminals.

System Bl: System Bl is a frequency division multiplex multiple access
system utilizing a passive relfector in synchronous orblt and a ground based
repeater station (designated R2) and providing two-way communicetions between

“user terminals. This system will be referred to as a "double@ypp passive

system" because it requires twice the transmission path needed for active
systems. (It can be shown by basic calculations that repeater R2 is required
to provide the necessary system gain, when transmitting terminals have low
ERPS.) (see Appendix I)
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Several assumptions must be made regarding the repeater station RZ,
These assumpticns ere made in order to 1limit the scope of the study and do

not represent any inherent limitations or requirements on the system, They
are as follows:®

(1) Only one parabolic dish antenna is used for both receiving
and transmitting functions.

It would be possible to have different antennas--for example,

an array for receiving and a parabolic dish for transmitting.

However, the technical and cost analysis of these alternatives
was beyond the scope of this study. (See Appendix E for dis-

cussion of various antenna systems.)

(2) The ground statiqn R2 acts as a simple frequency translating
repeater having & linear transfer characteristic.

The assumption is justifiable by the fact that since only a
ground-based installation i1s‘considered, linearity of the
repeater can be effectively obtained by standard techniques,
which although more costly are quite feasible.

Technical Characteristics of Subsystems.- This section describes the
technical characteristics of the various subsystems which are pertinent to
the study. The major subsystems are:

(1) The user's ground terminal stations
(2) The active satellite
(3) The passive satellite

(4) The ground based repeater (R2) associated with the pessive
satellite System RBl,

Terminal Stations:  Five types of ground terminal stations will be con-
sidered in this study designated ST-1, ST-2, ST-3, ST-4, and ST-5. These
station's characteristics were selected to cover the entire range of applica-
_ tions--from small mobile terminals (with 6-foot antennas) (ST-1) to large
stations exceeding the capabilities of presently used comsat-type terminals
(with 100-foot antenna) (ST-5). All of these stations have either been built

or are entirely within the state~-of-the-art. Their basic characteristics are
shown in Table IX.

The Active Satellite: Four types of active satellltes have been considered
in this study. Their characteristics (Table X) in terms of antenna beamwidth
and ERP cover the entire range beginning with the existing state-of=-the-art,
which 1s represented by SAT-1l, and extending to the performance which might
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Table IX. Characteristics of Terminal Stations

Parameter Units ST-1 | ST=2 | 8T~3 | ST-4 | ST-5
Antenna Diameter | ft. 6 15 30 60 100
Antenna Gain (8 GHz) dB 41 b | 55 61 65
Transmitter Power watts 1000 5K 10k | 10k | 100k
¢ | Transmitter Poyer dBW 30 37 Lo Lo 50
; Receiver Noise Temp. R 315 100 100 6k 6L \
; ‘ Recelver Noise Temp. dB® 25 20 | 20 18 18
G/ dB 16 29 35 43 47
(ERP)J_ aBw 71 86 95 101 115 ‘:
2  Table X. Active Satellite Parameters
Designation ——s— |  sar-1 saT-2 | SAT-3 SAT-L
Useful weight 1bs 1000 1000 2000 3000
Recelver noise figure " dB ' 5. 5 > 5
_Receiver bandwidth GHz 0.5 0.5 0.5 0.5
3 Receiving antenna gain dB 19 19 “19 19
% Transmitter power dB 1 26 29 31
i  Transmitter RF Power Watts | 35 4oo 800 1200
fjf Misc;ﬁLosses » dB 3 3 3 3
6/t L " aB -12 -12 -12 -12
- ERP with 16° Beamwidth  dBW 32 43 46 48
| & By | 38 | kg 52 5l
n ) by 55 58 60
: 2 G 50 6 | e 66
. 1 R 56 67 70 72
gf Booster required ) S Atlas/Agena Titan Titan
1 | IIIe | 11IC
e | & BII
W "
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become available in 1975 time period or later (SAT-4). It 4s assumed that an
earth coverage receiving antenna is used in all cases and the satellite receiver
has # noise figure of 5 and a total bandwidtn of 500 MHz. The transmitter
power capabilities are based on Comsat Corporation estimates and a loss of
approximately 3 dB is assumed to be associated with the problems of antenna
despinning and system stabilization and pointing accuracy. The various features
of these satellites are discussed in more detail in Appendix J.

The Passive Satellite Characteristics: The pessive reflectors which are
assumed in this study are of the "suddle” type (see Appendices A and B). Two
sizes are considered having a diameter of 325 feet and 150 feet, corresponding
to the maximum weight which can be lifted by a Titan ITIC and BII and an Atlls/

Agena and BII booster respectively. The "gain' of these passive structures has
pr2viously been defined as:

2

- 1]

The gains of the passive satellites used in the study slong with their
required boosters are shown in Table XI.

Table XI. Characteristics of Passive Rpflectors

Designatigp —— ; A B

Diameter —s— B ft 325 150 :

Gain with 1° beemwidth at | %

T.25 GHz 4B 12k.7 118 ,
2 118.7 112 §
n -oue.sr 106 L
8 106.7 | 100 |
16 100.7 | ol
Booster required Titan IIIC & BII | Atlas/Agena + BII

The Ground Based Repeater (R2):
Anterna Gain

The technical limitations on the size and gain of large ground antennas are
discussed in Appendices D, E and G. The costs associated with the gain of
such antennas have been calculated in Appendix F. 'Based on these considera-
tions (see Table 5 in Appendix F), the following:antenna parameters have
been selected for use in the study as representing a compromise betweeu
reasonable cost and antenna gain.
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Antenna gain = 69 dB (at 8 GHz)

Antenna diameter = 159 £t

Antenna rms surface tolerance = 0,057 inch

Antenna cost = 11.2 million dollars

Only a single parabolic dish was considered. Other antenna configuraticns
such as arrays and multiplate systems are discussed in general terms in
Appendix E but the scope of the program precluded their more detailed
evaluation.

Effective Radiated Power

The maximum rf power capebility of ground based transmitters is analyzed in
the preceding main section and Appendix H. It is concluded that a practical
operating limit 1s reached utilizing two high power klystrons, each rated

at 625 kw and operating them in parallel at 500 kw to achieve a reasonable
signal to distortion ratio. Thus, total output of 60 dBW is assumed which
15 degraded by 1 dB to account for miscellaneous losses before the signsl
is radiated, resulting in a totel RF power delivered to the antenna of

50 dBW. When combined with antenna gain of 69 dB, a total ERP of 128 4ABW

1s obtained.

As mentioned previously, ground based station R2 is a simple frequency
changing linear repeater. Sufficient degree of linearity is obtained by
operating the output tubes below tlieir rated values as discussed in
Appendix H. ,

Bandwidth

, i The total operating bandwidth of the repeater is constrained by the band-
o width of the power tubes and the front end. As discussed in Appendix H,
for operation with two power tubes in parallel, and a single wide band
o preamplifier,, a bandwidth of 500 MHz can be achleved at X band. This is
o primarily the result of preamplifier bandwidth limitations which are dis=-
| cussed more fully in Appendlx J.

Noise Temperature

An overall noise temperature of 50°K is agsumed for the receiver in the
ground repeater station R2. Since the attainment of such temperature is
well within the state-of=-the~art, the assumptlon requires no further
analysis.

Summary

The important characteristics of the ground repeater station R2 derivnd
from studies reported in Appendices D, ¥, G, H, and J are Summarized in
Table XII 5 - :
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Tavle XII. Characteristics of Ground Baged Repeater R2

2? Antenna gain | | 69 4B
| Transmitter power ‘ B 59 dgBW
Losses in transmitter | | o - 14B
Recelver noise temp | | 50° X
; ERP L ] 128 am
* Receiver G/T ) 52 4B
' Total bandwidth 500 MHz

b ' Performance Fequirements: Appendix K anslyzed in detall the signal-to=
i noise ratio requirements for voice service at the output of user's receiver
and relates them to the input of fredquency modulation receiver utilizing
threshold extension demodulator (FMFB).

If the modulation index of 2.5 1s assumed, the operational verformance
parameters for volce transmission listed in Table XIII can be calculated from
the data provided in Appendix K.

Table XIII. Operational Performsnce Requirements
for Volce Transmission

Output voice bandwidth | b o=b KHz
Output SNB» B SNRout = 24 4B ]
Modulation index m= 2.5
RF bandwidth - B ] B = 30 KHz
| Receiver fhvéshold in Bandwidth B T=7.,1dB
B : Input Carrier~t0wnomse density |
B ratio S ¢/N, =R =051 4dB-Hz
| These values will be uséhfthroughout the study.

Selectlon of the Cost Model: Varilous cost models for the toctal system
cost have been considered for use in this study. They ranged from the model
used by DCA in the ADCSP studies to the model used by Comsat. Corporation in
their study of domestic satellite TV distribution systems. ,
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The ADCSP system model is based on the calculation of the present value of
the total system costs stated for the year during which tull operational cepahbility
is achieved for the first time. The sum of the total R&D and establishment costs
is annualized and adjusted upward using a given compound iiiterest rete tc reflect
the amount of time required between program initiation and the commencement of
system operations. The annual replenishment costs for 10 years of system opera-
tion are discounted to the present value at the yzar of commencement of system
operation.

As a result the model represents the present value of all costs incurred in
the establishment and operation of the system, referred to the starting date of
operations.

The communication satellite mod¢l, on the other hand, annualizes all R&D

~ and system establishment costs over the economic life of the system. Space seg-
ment maintenance costs are also annualized over the mean life of satellites. The
level annual costs are calculated to return a given percentage on investment
after taxes, when discounted to present value., As a result this model yields the
present value of the system costs spread over the life of the system.

Having examined the relative advantages and disadvantages of these approaches,
8 simple model has béen selected which is based on the premise that all initial
investments will be converted to level annual costs calculated to return 8 percent
on investment over the life of the system when discounted to present values and
ell yearly maintenance costs will be written off during the year in which they

are incurred. The total system cost will therefore be expressed in terms of

level annual costs over the life of the system. For comparison purposes between
the passive and active systems, the model is completely adequate since the in-
terest was in comparative results rather than absolute ones.

*
Thus, the model of the total annual system cost can be expressed as follows:

' 1
“ror = [‘CRDS B CEG)][ 1-(14)™" ] ' [CMG * CM'S] )

ORDS = Cost of initial RXD for orbiting subsystem

CRDG = Cost of initial R&D for ground subsystem (Repeater R2 in the %
“ passive case)

Q
n

Cost of establishment of orbiting subsystem

Q
it

Cost of establishment of ground subsystem (Repeater R2 in the
e passive case) : - | -

n = Number of years to recover capital expenditures
(can correspond to system operating life)

*It is assumed that the system has no salvage value at the end of n years of
operation.
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i = Annual rate of return on invested capital (interest rate)

QMG = Annual cost of operation and maintenance of the ground segment
Cus
The establishment cost of the spacz segment 1s equal to

= Annual cost Of replenishment of the space segment.

Cgg = Ny [cns + kz:cs] (29)

where NE = number of launches needed to establish the space segment

QLS = ‘total cost of booster and launch services

kE = number of satellites per booster

cs = cost of individual satellite

The annual cost of replenishment of the space segment is equal to

= [ :
Cg = My [Ors * 0] (30)
NM = number of launches needed per year to replenish the space segment
CLS = cost of booster and launch services
ky = number of setellites per booster
Cs = cost of individual satellite

Thus, the total level annusl cost is represented by the followlng equation.

o/ {[(CRDG + cEG) + (Cops * Mg c, o cs))][ ) _n]
+ [cMG + N, ( ?LS + koS)]} | (31)

Alternatively, equation (29) can be* written to separate the costs of the ground
and space segments

i
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Co/p = %mo * Cmas

Can =, Cpe * Omg) ( 1-—(115.)"") * QM@] *

b SR —

3

\
; 1
¢ +N(G +xc)( _)+N<C, *‘c)] (32)
[{RDS g\ ‘s EE} )" ws * s

‘The first squared bracket represents the level annual cost of the ground regment
(Cpag )

(?he %fcond squared bracket represents the level annual cost of the space segment
Cy
(s

This cost model will now be applied to the computation of level annual costs
of:

(1) Active satellite system Al

SR

(2) Prassive satellite, "double-hop" system BL
Cost Efféctiveness Analysis:

e A a T

= g

General Approach ..

]
(
In this section the comparative cost-effectiveness of the active satellite
- system Al and of the passive system Bl will be analyzed. The comparison
will be based upon the determination of the maximum system capacity in
terms of accesses and in terms of the corresponding cost per access.

This study is not concerned with the problems of system loading or utiliza=-
tion factor. A fully loapded system 1s considered which represents the worst
operating condition from power consumption and intermodulation point of wiew.

R sl

. .

i ‘The full system load implies that there exists substantially more ground
| ~stations than can be accommodated at any one time so that when traffic

; statistics are taken into account the system can be expected to be filled
f to capacity at all times. :

Since it is assumed that the transportable user ground stations in the two
systems are identical in technical performance and cost, it is not necessary
to include them in the c¢ust analysis. The study can be reduced, therefore,
to the comparison of the relative cost of the active satellite in the case
of system Al, and of the passive reflector in orbit ard an associated ground-
‘based repeater R2 (shown enclosed by dotted lines in Figure 20) in the case
of system Bl, f

B

rvg "

o
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The comparison approach will therefore consist in determining the total
annual cost of both systems (excluding user's terminals) when such systems
operate with the same user terminal equipment. Since both systems meet
jdentical performance requirements, the relative comparison of the costs
will yield an indication of their relative effectiveness.

the above approach 1s taken to render the final results more meaningful
by considering relative rather than absolute costs. The determination of
accurate total absolute costs would entall an effort outside c¢f resources
of this project. On the other hand, relative comparisons can %o made with
more confidence since errors of similar nature tend to cancel.
The analysis will be accomplished as follows:
(1) Determination of total level annual cost of
(a) Active satellite system (Al)

(b) Passive satellite - double hop system (Bl)

G g I e

(2) Determination of total access capacity of

!

(a) Active system Al

(b) Passive system Bl

L b Wb

(3) Determination of costs per access
(4) Comparison and conclusions

Determination of total level annual system cost of the active satellite
system (Al) ‘ ) o

!
b
i
!
i

The cost model developed can be applied to the case of active satellites
as follows:

1

, ' ‘ ) ‘ 1
r53/A = [CPD + NE(CLSfl.‘ECs)][—-———-—l“(l-Pi)_n] + NM( Crg * kMCS) (3‘33)

Cost of satellite R&D

(e
H]

RD
NE = Number of launches required to establish one satellite in
" orbit for 90 percent confidence limit.
' ELS = TLaunch cost = Cost of booster plus launch services
. ko = Number of satellites per launch. (kE = 1 for the case)

i
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CS = Unit production cost of satellite

i'_n Factor for converting investment to level annual cost, It §
1-(1+1) is assumped that the return on investment of approximately !
8 percent (1 = 0.08) over the period of 10 years (n = 10)
which corresponds to the life of the system. TFor these
conditions the factor equals approximately 0.l15,

]

NM = Number of launches per year required to restore one satellite
‘ that has failed in orbit. From Table 10 of Appendix L
& N = 0.22,
M
kM = 1 = Number of satellites per launch

(1) Cost of Satellite R&D

Four types of active satelllites whose characteristics are listed :
| in Teble X can be used. The estimates of their R&D costs have g
been based on several sources. s

Satellite No: 1 is a low~-power satellite of 1000-pound weight and
represents the state-of-the-art of technology. Tts R&D costs
have been estimated in Appendix J.

Comsat Corporation, in its study, "Satellite Broadcasting," issued
| in July 1967, has estimated the R&D costs associated with the

=l development of high-power satellites. Using this date R&D costs

' : for satellites designated as Nos. 2, 3, and 4 in Tsble X have been
estimated, These estimates, together with the raw DC power which
the satellite would produce are shown in Table XIV below.

] Table XIV. BR&D Cost of Active Satellites

R&D Cost. Cost of

Sat. Weight DC Power
- ' one satellite

e kW

SAT-2 1000 1b 3,2 27.0 5.0
SAT=3 2000 1b 6.4 - 35,0 9.0
SAT-L | 3000 1b 9.6 45.0 "12.0

4000 1b 12,8 | 50.0 1k.2

I :

; The R&D cost shown does not include the delivery of flight qualified
hardware and does not include a flight test. It covers primarily
the development of satellites capable of producing high power with
solar cell technology. When large antennas with narrow beamwidths -

RS SE R  TT
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are required additional R&D is required. In order to estimate
edditional costs necessary to develop stabilization techniques
and associated hardware which would result in pointing accuracies
necessary for operation with 1 degree and 2 degree bheamwidth from
space, various space antenna manufacturers were consulted.
Because of a wide difference of opinion on the subject of R&D
costs for this item, a compromise figure of $10 million was
adopted. This R&D cost is added to all satellites when a

1l degree or 2 degree heamwidth 1s required.

It was also felt that a flight test would be required to prove

the new designs, in addition to basic R&D costs. It was essumed
that the test would be necessary for all satellites that have not
been flown before, This includes all high-power satellites and the
low-power satellite (SAT-1) with very narrow beamwidth

(1 degree and 2 degree), No test 1s needed for low power
satellites with 4 degree, 8 degree, or 16 degree beamwidth be-
cause the existing state-of-the~-art is sufficient in these cases.

The flight test program was assumed to consist of the construction
of two flight qualified satellites and one launch, The cost of
launch was multiplied by a factor of 1.1 corresponding to the
number of launches required to attain a 90 percent confidence
level of orbiting the satellite with Launch Success Probability
(LSP) of 0,9. (See Table 4 of Appendix L). The unit cost of
satellites and the cost of launch are discussed in the succeed-
ing paragraphs, The total R&D costs are summarized in Tsble XV.

(2) Number of Launches;(ﬂb)

In this case the orbiting subsystem consists of one satellite in
orbit. Thus one satellite is launched per booster, The number
of launches required to establish one satellite in orbit with

90 percent confidence when the launch success probability is 0.9 - i
and satellite deployment probability is 0.99 has been calculated 1
in Appendix L. Table 4 in that appendix shows that for mean
satellite life of 5 yesrs, 1.1 launches are required to establish
the system, Thus”NE_= 1.1 in this case.

(3) Cost of Launch (C.)

T ' = i
SRR The cost of boosters and related launch services has been pro-
' vided in the previous main section and is based on data obtained
from NASA and major booster manufacturers. Following values are
 used, based on geo-synchronous orbit (Table XVI). ~
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Table XVI. Cost of Launch '

Mex. Useful Payload | Cost of Launch
Boster (1b.) ($M)
Atlas/Agena + Burner II 1000 8.4 ;
Titan ITIC 2000 15.9 §
Titan ITIC + Burner II 3000 18.1 |

(k) Cost of Satellite (CS)

The unit cost of low power satellites (SAT-1) was estimated

from data provided by manufacturers (see Appendix J). The unit .
costs of high power satellites (SAT-2, 3, L4) are based on pro-
jections made by Comsat Corporation in its study entitled 'Broad-
cast Satellites," July 1967 . (This subject is discussed more
extensively in Appendix J.)

The projected cost of high power satellites estimated by Comsat
Corporation was modified as follows to allow for improved
antennas: $0.5 million was added for 2° and $1 million for 1°

beamwidth satellites. The figures of satellite unit costs used Q
in our study are listed in Table XVII.
Table XVII. Unit Cost of Active Satellites ($M) | ;
Beamyidth —»—  1° 2° e 8° 16° %g
: i
SAT-1  Low Power L5 | 4.0 3.5 3.0 3.0 :
SAT-2  Hi Power 6.0 5.5 5.0 5.0 5.0
SAT-3  Hi Power 10.0 | 9.5 9.0 [ 9.0 9.0 : ,
SAT-L  Hi Power 13.0 J12.5 | 12.0 | 12.0 | 12.0 %

(5) Conversion to Level Annual Cost (7 )

Tt is assumed that a capital investment recovery period of ten
years (corresponding to system life) is to be used and a return
on investment of 8 percent per annum is desired when discounted
to present value '
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(6)

(7)

(8)

Thus 1 =0,08
n=10
and 7 = & 045
1-(1+1)7"

Thus the level annual cost of 0.15 for ten year:s at 8 percent per
annum is required for each $1 of investment,

Number of Replenishment Launches (NM)

The number of annual launches required to maintain one satellite
in orbit with 90% confidence for L.S.P. = 90% is shown in Table XVII
of Appendix L. For this report (satellite mean 1ife of five ysars) it
?quals 0.22 launches, Again, one satellite is launched per booster

k., =

M

Total Annual Cost of an Active Satellite System
Using the cost factors Juat’kaeloped and substituting them into
the cost model (Equation 33) the total level annuel cost of the

active satellite system has been computed, The calculation
assumes the following:

1) System lifetime - 10 years

2) Satellite mean time to failure - 5 years

3) Launch success probability - 0.9

4) Satellite deployment probaﬁility after successful launch - 0.99
5) Satellite R&D cost as shown in Table XV

6) Satellite production cost shown in Table XVII

7) Booster cost as shown in Table XVI

8) 1Interest rate - 8%.

The results of the calculations are shown in Table XVIII as a function
of the beamwidth for each of the four satellites. i

The Total Access Caggcity of Active Satellites With a Hard
Limiting Traq;gpnder -

The access capacity of the active satellites will be calculated}on

the assumption that fiequency modulatior is used and that the

satellite transponder is hard limiting. It will also be assumed

that the peak to average ratio of modulating speech wave at the ground-
transmitter is 6 dB. (See the discussion of these factors in

Appendix M). .




Table XVIII. Total Level Annual Cost of Active Satellite Systems

SAT=1 1° $9.2 Million SAT-3 1° $22.4 Million

(Low power) o 8.8 p° 22,0
Yo 7.5 4e 20.2
8° 4,5 8° 20,2
16° bk 16° 20,2

SAT-2 1°  $14.3 Million SAT~4 1° $26.8 Million 3
2° 14,0 ' 2° 26.6 |
Ye 12.0 e 26.4
8° 12,0 g° 26.4 |
16° 12,0 16° 26,4

The total numher of accesses that can be supported by the four
types of satellites listed in Table X can be calculated from
Equation 42 developed in Appendix M which is reproduced below.

1 .

i ¢ M
_ T 1 SNR SIR |
p:g.ﬁg.ﬁ# ml 21 (34)
D 1 +a ( 2 + 1.26 ---)
where
p = total number of accesses
Pp = total satellite ERP (from Table X) %
B = rf signel bandwidth per access (from Table XIII) |
"W = ‘total transponder bandwidth
8IR = signal to intermodulation power ratio in any bandwidth B
in which both the signal and 1ntermodulation noise are
unifurmly spread
a = Dbandwidth wastage factor ég
(SNR)IN = required signal-to-noise ratio at the input to the

receiver (equal to receiver threshold)




T
2R ,
y - B
ERPl ' T = uplink SNR
1 B

/
effective radiated power of the ground *re nsmitters

= Boltzman's constant.

ERPl = P
N G3 ,
- = is the sensitivity (gain-to-system noise temgerature)
e 3 of the receiving ground station (from Table X)
; Gor
" 7~ = 1s the sensitivity of the satellite receiver (from
) 2 Table X)
4
4 L, = the net down-link loss (between antennas)
L, = the net up-link loss (between antennas) |
Ol = represents miscellaneous up-link losses ;
| /3 = represents miscellaneous down-link losses ;
k ;

Equation 34 can be rewritten as follows:

; X_
N8 _ SNR  ~ © )
f% p = (constant) X T3 (35
&
Lo

3 where |
& X = = (36)
S
8 A SIR P
j is the signal-to-noise ratio at the output of the satellite.
§ Inspection of equation 36 indicates that the up-link signal-to-ncise
| Twe= B\
j ratio ( T ) must be sufficiently larger then the SIR to have
b a negligible effect on X. This, in fact, is the case for all

Nt situations. |

SR Ty
~ RS
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To the first approximation, therefore, we could assume that
X = SIR. "The relation bvetween bandwilth wastege. factor "a"
the SIR was calculated in Appendix 6. It was shown that for
a =1, X =9dB, and for geo», X=—e 16 dB,

and !

If the value of the square bracket in equation 35 is plotted i
against "a", it will exhibit a very flat pesk ylelding a maximum ;
at the value of & = 3,665. Thig corresponds to the maximum number Q
of accesses. The required bandwidth per access at the transponder :
corresponds in this case to

A = Ba
A = 30,000 x 3.665
= 109.5 kHz
The value of the constant in equation 35 which 1s equal to
(-;i- ,;Q_ —E—Eé—-—-) establishes the sbsolute maximum on
3 K3lpp

the number of accesses which can be obteined disregarding band-
with limitations. These were calculated for all combinations of
the four satellites and five user stations (defined in Tables IX
and X) and are shown in Table XIX. Since each channel requires

an RF bandwidth of 109.6 KHz, it is obvious that the total required
bandwidth would be unreasonable in most cases, particularly with
high power satellites.

We have originally assumed, however, that the rf transponder band-
width in the satellite will be restricted to 500 MHz. (See
Appendix J for discussion.) This establishes a limit on the number
of accesses which can be handled by the systep, as expressed by

the equation ¢

500 x 10
a*B

4

o (37)

where B 1s the required rf bandwidth

The two limitations discussed above are shown graphically in
Figure 21 below, for the case where the system begomes bandwidth
limited at some point. -

The value of p at the point of intersection of the two curves,
ylelds the largest number of accesses. A computer program was
developed to find the point of intersection and the results of the
computations ere shown in Table XX, which lists the values of a,
the required access bandwidth = (aB) and.the maximum number of
accesses under a total bandwidth limitation of 500 MHz, for all
combinations of satellites and user terminals.,
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Table XIX

MAXIMUM NUMBER OF CHANNELS IN ACTIVE SYSTEMS
DISREGARDING BANDWIDTH LIMITATIONS
(a = 3,665 m= 2,25 B = 109,6 KHz)

s

s s ¢

i e el B S B S

No, of Ch,
Sat 1 Sat 2 Sat 3 Sat 4 , |Limited
by b'wicdth
User Beamwidth. Effective Radiated Power dBY
Station) (degrees) 56 67 70 72
' §T-1 12 | 10,476 131,901 263,802  418x10° 4562
2, | 2,631 33,132 66,264 105x103 4562
4, 661 8,322 16,644 26,400 4562
8, 166 2,090 4,180 6,640 4562
16 41 525 1,050 1,662 , 4562
ST-2 1,2 | 41,643 524,286 1,048,572 1.66xlog 4562
4 | 13,222 106,480 332,960 ,514x10 4562
8 3,321 41,817 123,634  196x103 4562
16 834 10,503 21,006 32,250 4562
ST-3 1,2,4 | 41,643 524,286 1,048,572 1.66x10§ 4562
8 | 13,322 166,480 323,960 ,514x10 4562 -
16 3,321 41,817 123,634 196x103 4562
ST-4 | 1,2,4,8 | 41,643 524,286 1,048,672  1.66x105 4562
16 | 20,957 263,855 527.710  ,835x10 4562
ST-5 A1l 41,643 524,286 1,048,572 1.66x10° 4562
- \\ Linit due to available
- ‘transponder bandwidth
| N~ Limtt due to
p = No. of - vailable ERP 1
ACCOSS0S
1 3 o' 3 3.668 4

Figure 21. Limits on the number of accesses




o
Sl

(9)

(20)

Annual Cost per Avcess

In Table XVII, the total annusl system cost has been determined.
In Table XIX, the maximum number of access has been calculated.

The ratio of corresponding quantities in these two tables yields
the annual cost per access,

Summary of Results

All pertinent cost data and access capacity data for the 100
possible configurations of the active satellite system utilizing
one satellite in orbit (4 possible satellites, 5 beamwidths, and
5 ground stations) are summarized in Table XXI, which is self-
explanatory. The results are interpreted and discussed in the
"Conclusions" section of this report.

i/
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Table XX

(A1l values in

SAT-1 (Low Power = 1000) SAT=2 (

Beamwidth Degrees 3 2° L 8° 16° 1° 2°
Satellite Unit Cost Cs L.5 4.0 3.5 3.0 3.0 6.0 5.5
Booster and Launch “ost Cis 8.4 8.4 8.4 8.4 e.h 8.4 8.4
Cost per Launch Cq + CLS 12,9 2.4 11.9 11.4 11.4 b 139 13
Number of Launches N: 1.1
Total Launch Cost (Cpr,) Ny (Cg#Crgo)| 4.3 13.6 13.0 12.5 12.5 15.8 15.2 1
R & O Cost Crp 28.2 27.2 2.0 0.5 0 58.2 57.2
Total Establishment Cost Cop 2.5 40,8 15.0 13.0 12.5 7%.0 T73.4 6
Level Annual Costs I

Total I.aunch Cost 0.15 Cym 2.1 2.0 1.9 1.9 1.9 2.4 2.3

OP. + Maintn. (0.22 Launches/yr) o 2.8 5.7 2.6 2.5 2.5 3,2 3.1
Total Level Annual Satellite Cost 4.9 4.7 4.5 L.b b.b 5.6 5.4
Annual R & D 0.15 Cpp) 4.2 Ll 3.0 0.1 0 8.7 8.6
Total Level Annual System Cost CT/A 9.2 8.8 7.5 4.5 4.4 4.3 14.0 ;
Maximum Number of Accesses Z

User terminal ST-1l 8033 2631 661 166 41 11228 10]417

User terminal ST-2 11326 10763 8736 3321 834 11426 11426 1

User terminal ST-3 11426 11336 10763 8736 3321 11426 11426 1

User terminal ST-5 11426 11426 11426 11326 10763 11426 11426 1
Annual Cost per Access (Dollars)

User terminal ST-1 1145 3344 11346 27110 107317 1273 1343

User terminal ST-2 812 817 858 1355 5275 1251 1225

User terminal ST-3 805 776 696 515 1324 1251 1225

User cerminal ST-U 808 770 662 LO7 Ls52 1251 1225

User terminal ST-5 805 77C 656 397 Lo8 1251 1225
Total Level Annual System Cost

System with one satellite 5.8 8.8 T8 K> L.k W8 o 12

System with two satellites 4.1 13.5 12.0 8.9 8.8 19.5 19.4 1

System with three satellites 19.0 18.2 16.5 13.4 13.2 25.5 oL.8 2

FoLopower eame |




e XXI. Summary of Pertinent Cost Factors
Active Satellite System

- in Millions of Dollars Unless Otherwise Stated)

=2 (#6000 1b)

SAT-3 (2000 1b)

SAT=4 (3000 1b)

[Orowi FEAME 2

’ Le 8° & 2° L° g g 8° 16°
5 5.0 5.0 10 9.5 9.0 13 12.5 12,0 12.0

y 8.4 8.4 15.9 15.9 15.9 18.1 18.1 18.1 18.1

) 13.4  13.4 25.9 25.4 24,9 31.1 30.6 30.1 30.1

> 14,7 14,7 28.5 27.9 27.3 34.2 33.6 5N 1.3

> k6,2 46,2 82.5 8.5 70.5 99 99 89 89

v 60.9 60.9 111.0 109.4 97.8 133.2 132.6 132.1 132.1

3 2.2 2.2 4.3 4.2 4.1 5.1 5.0 4.9 4.9

L 2.9 2.9 5.7 5.6 5.5 6. 6.7 6.6 6.6

i 53 54 10,0 9.8 9.6 11.9 1.7 11.5 11.5

5 6.9 6.9 12.4 12.2 10.6 4.9 14.9 13.4  13.k4

) 12,0 12.0 22,4 22,0 20.2 26.8 26.6 24,9 24,9

17 T188 2090 11326 10944 9299 11326 11132 6254 1660
26 11228 10587 11426 11426 11326 11426 11426 11228 10417
26 11426 11228 11426 11426 11426 11426 11426 11426 11228
26 11426 11426 11426 11426 11L26 11426 11426 11426 11426
26 11426 11426 11426 11426 11426 11426 11426 11426 11426
43 1669 5882 1977 2010 2172 2366 2389 3970 15000
25 1068 1133 1960 1925 1783 2345 2328 2218 2390
25 1050 1068 1960 1925 1767 2345 2328 2180 2218
25 1050 1050 1960 1925 1767 2345 2328 2180 2180
25 1050 1050 1960 1925 1767 2345 2328 2180 2180
0 i2.0 12.0 2.4 22,0 20.2 26.8 26.6 24,9 24,9

¥ -3 1. 32.4 31.8 29.8 38.7 38.3 36.4 36.4

8 22,2 22,2 b2.4  L41.6  39.4 50.6 50.0 47.9 L47.9
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Determination of the Level Annual Cost of & Double-Hop Passive
System B2

The computation of costs of the passive system utilizes the same cost model

as that used for active systems. In this case, however, the costs of the
ground based repeater station (R2) have to be included in addition to the

cost of the passive satellite in orbit. The cost elements associated with the
ground repeater subsystem are identified by subscript G. The cost elements
associated with the satelllite by subscript S.

Two passive satellite sizes are considered initially, each representing
the largest satellite thet can be boosted with the spécified booster.

Satellite A ~ 325 ft. dlameter - Atlas/Agena + BII
Satellite B ~ 150 ft diameter - Titan ITIC + BII

(1) R&D Required - Satellites

Cost data developed previously in this report indicate the following
R&D costs associated with the development of passlve reflectors:

325 #% Satellite (type A) -~ 5 yr life - R&D cost $22.01 million

150 ft Satellite (type B) ~ 5 yr.-1life - R&D cost $13.3 million
These costs are based on an R&D program which involves the develop-
ment of three R&D satellites, construction of two flight test models,
and associated miscellaneous expenses. To this should be added a
flight test consisting of one launch. Table 4 of Appendix L shows
that 1.1 launches are required to attain 90 percent confidence level
of placing one satellite in orbit (launch success probability = 0.9).
Thus, the following launch'costs must be added to the R&D program:

Satellite A-(Titan ITIC + BIT booster) - (1.1x18.1) = $19.9 million

Satellite B-(Atlas/Agené?é”booster) (1.1x8.4) = $9.24 million
As a result, the total R&D costs including flight test aré as follows?

Satellite A - $43..92 million

Satellite B =~ $22.5 million

(2) Unit Cost: ofPassive Satellites

. Data developed previously indicate the following unit production
' costs of passive reflectors:

Satellite A (325 £t) $2.66 million

Satellite B (150 ft) $1.8 million
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(3)

(%)

(5)

.25
- 1.8 : D D
' CEG— CA +n<-—;6-.—9—-— + 0.63 _(l +-f(-)-b--)+ (7100} + 1.1

+ [75 (m + k) ('ﬁf):.

i

Number of Launches Required and Number of Satellites per Launch

The same figures are used as for the case of active system.
(Confidence level 90 percent - L.S P. = 0.9)

Number of launches required to establish one satellite in orbit
l\k = lol
Number of launches to replenish

NM = 0,22 per year

In both cases one satellite is launched at a time

kE = kM =1
These costs are the same for any desired satellite peamwidth.

R&D Required - Ground Repeater (R2)

The total R&D costs of the ground based repeater are estimated

at $1 million. Three quarters of this cost is also entirely
associated with the development of the high power transmitter sub-
system. It incluies the development of &8 630 megawatt klystron with
300 MHz bandwidth at X-band (estimated at $350,000), development

of high power plumbing and dual feedhorn (estimated at $300,000)

and the integration and test of the overall subsystem ($100,000).
The remaining $250,000 is allocated to necessary modification of
antenna systems to handle the high power.

Investment Cost - Ground Repeater !

The approximate cost formula for the ground repeater was developed
in Appendix N, equation 5. i

0.63
+ 5090'63 ] 1078 (37)

Cp = cost of the antenna = $11.2 million -

D

antenna diemeter = 159 ft

5
the noise temperature of tlie parametric preamplifiers
has been chosen as 50° Ki ,

)

&
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n = Number of preamplifiers (It is assumed that four units
are purchased originally to provide redyndancy and
hot standby.)

k = The number of operating high power klystrons in the
transmitter was assumed to be 2,

m = Total no, of standby power tubes. It is essumed that
a hot standby 1s provided for each operating tube,
Thus m = k,

P = The totel transmitter power (assumed to be 1000 KW),
(See Appendix H).

i Thus, for the case under consideration the values of these con-
| stants are as follows:

C

$11.2 million

\

i n =L

} T = 50
D = 159
j; ‘m = 2

. -
§4§ ‘ p = 10

. sUnder these conditlons, the investment cost of the ground . |
i “station, calculated from the above formula, 1s - g

o Cp = $17.23 million

%j : (6) Operational and Maintenance Costs for Ground Repeater

The formula for calculation of C&M costs has been developed in
Appendix N (equation 6). Using this formula and the cost data

;33 developed above, the annual O&M cost becomes:
] 1.25 g | g
4 —_ D 1. n 1.5n - ’
3 Cyg = 0+05C, + 0.05 GTERTQ + 0.25 ( + 0.2 [;;535 o
15 RS (i) 0.63 6'*:”
B 75 m+k-'( P 0 0. 3]
+ 0,63 (1+1oo) e K) + —Lg-p | (38)
| 10 10
L Cye = $1f527 million




(7) Calculation of Level Annual Cost of Double Hop
Passive System Bl

The cost model previously selected may now be applied to calculate
the total level annual cost of the double-hop passive system:

“n/a = [(CRDG ¥ CEG) +(CRDS "V ( " CS)) ] 1- (1+1

¥ [CMG + (CLS ¥ koS) ] |

In the preceding paragraphs, we have established the cost
components of the model as follows:

1) Cost of passive satellite R&D
CRDS = Satellite A $41.92 million
Satellite B $22.5 million
2) Cost of ground repeater R&D
rDg = $1 million
3) Ground Repeater investment cost
Chg = $17.23 million
4) Number of launches to establish

i “;, . - «3‘,.;;;“,_‘;;.»4;»”.;_;}4 L e s iy

| 5) Number of launches to replenish éi
n N, = 0.22 per year |

M
6) Cost of launch ,

j I ; CLS = $18.l million for Satellite A \ ;
; = $8.4 million for Satellite B

7) Number of satellites per launch

gty =l
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8) Satellite unit cost

C

3 2,66 million for Satellite A

1.8 million for Satellite B

9) Conversion to level annugl cost

1 — = 0.15 (Assumes 8% return on investment
1-(1+1) (1 - 0.08) over a 10-year
recovery period (n = 10) )
10) Annual cost of O&M for ground repeater

¢ . = $1.31 million

MG
ﬁ Substituting these constants into our cost model, we obtain the %
. total level annual cost of the System for Sateilite A. %
cT/A = [(’1+1',7.23) + 41,92 + 1.1(18.142.66) ]0.15 |
+1.31 + 0.22(18.1+2.66)
= (2.7 +1.3) + 9.TL + 4.56)
= 4,01 + 14,28
o = $18.29 million |
Yé: The annual cost of ground repeater Crpg = $4.01 million

The annual cost of the satellite in orbit Cp,. = $14.28 million

TA
For Satellite B (150 ft)

C

T/A (1417.23) + 22.5 + 1.1(8.4+1.8) 0.15 + 1.31

+ 0.22(8.4 +1.8)

4,01 + (5.06+2.24)

il

L,01 + 7.3
= $11.31 million

| These costs pertain to satellites of 325 ft and 150 ft diameter. |
i '~ In a double hop passive satellite system, however, the total %
system gain can be provided either by the antenna in the ground £

SR
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repeater R2 or by the satellite in orbit. As a result, in cases
where surplus gain existe; it may be possible to select these
gains in such a manngr as to minimize the cost of the system.

; Consider the following expressions

Z = Gyp " Gy

. or  Zgp = (Gppleg * (Ggy)gm

T

¥ where

1 ' G2R is the gain of the receiving antenna in the ground repeater

Gg1
The maximum gain of the antenna was considered in Appendices D and
F. and it was decided to use the value of 69 dB as the best compro-
mise between the cost and the performance.

is the gain of the passive satellite in orbit

Thus

Gog = 69dB

The maximum gain of passive satellites with diameters of 325 feet
and 150 feet was calculated in Table XXII as follows.

Table XXII. Gain Limits of the Passive Reflector
(GSl) dB at 7.25 GHz

. Satellite Size
Beamwidth , ‘ A B
(Degrees) | (35 £t.) | (150 £t.)
1 | - 12k4,7 4B 118 dB
2 118.7 dB | 112 4B
L | 112.7 dB 106 4B
8  106.7 dB | 100 4B
16 ~100.7 &B | 94 4B

' | K o 5 |
ik Thus, the product of the anﬁenna and satellite gains (the sum of
o , | the dB values) represents the maximum available valpe of 7 and
’ {s as follows (Table XXIII)
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Table XXIIT. Maximum Available Value of Z(dB)
Z = Ggp-* Gy

Satellite Size
Beamwidth A

(degrees) _(325 £t.) | (150 f£t.)

1 193.7 187

2 187.7 181

M 181.7 175

8 175.7 159

16 169.7 163

Wherever the availeble gain Z exceeds the gain that is required
to meet the system performance requirements, it will be possible
to reduce the values of the antenna gain (GER) and satellite gain

(GES) in a manner which will result in cost minimization. It is

therefore necessary to determine first, what gain is required by
the system. |

The equation which will be used 1s that developed in Appendix I.

- . - l a _\/1 . a 8182]3 X ) !
= Gg "G =R ﬁ? Fz*ﬁ“]* §he+ﬁiq*r§] (39)

A
where
GS1 = (Gain of the passive reflector

G2R = Gain of the ground antenna

R = Signal to noise density ratio at the user's
receiver = C/No

ay, &, are constants assoclated with system parameters

?A = Ground transmitter power per access
B = Required RF bandwidth per access
This equation indicates that the required system gain depends on
 the power per access P, available in the ground transmitter. Since

the objective is to haVe as many accesses as possible, the factors
must be investigated which impose a limit on this quantity, It
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is obvious that either the total available power of the ground
transmitter or the total avallable bandwidth constituntes such

a limit. These limitations were discussed in Appendix H and %
it was concluded that the ground repeater RF2 bandwidth is limited .
to 500 MHz and the maximum transmitter power is limite?d to :

A Rl o s G e

59 4BW.
Accordingly,
W= 500 x 10° Kz (40)
Prop = 59480 = 107*7 vatts = 794.3 Kilatts (41)
g It is known from Table XIII, that the rf bandwidth per access is |
| approximately
; s H
. i
B~ 30,000 Hz (42) 3
2

Thus, in a bendwidth limited case the total number of accesses
is obtained by dividing equation (40) by equation (42)

, 6
| ‘ 2 7122 L
.. PR 30,000 16, (43)
v If the total available power (equation (41) ) is divided by the

total number of accesses, the power per access available in a8 band-
width limited system is obtailned.

. 794.3 x 105 ., | _
P, = -%3’7—2—2—— 22 47,7 watts = 16.8 dB (44) [

If this value of P, is now substituted into equation (39), the
values of system gain Z required when the system operates with
different user stations (described in Table IX) is obtained. These
values are shown in Table XXIV.

i

*This number is obtained, rather than 16,667, since B is not exactly 30,000.
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Table XXIV, Required Values of System Gain 2 dB
for Various User Stations Given
P, = W7.7 Watts

A

User

Station 7 dB
ST-1 - 195
ST-2 182
ST=3 176
ST-4 168
ST=5 | 164

The required values of system gain Z shown in Table XXIV can now
be compared to the maximum available values of Z shown in

Table X¥III. The comparison reveals the particular cases where i
surplus gain is available and is summarized in Teble XXV, for the 1
case of passive satellite (A). The sign (+) indicates that sur~- :
plus gain is available; the sign (=) denotes gain deficiency.

Table XXV, Summary of System Gain Availability in Bandwidth
Limited Passive Satellite Systems

Beamwidth ST-1 ST-2 ST-3 ST-U  87-5
(degrees) | (6 f£t,) | (15 f£t.) | (30 £t.) | (50 f£t.) | (100 ft,)
1 (=) | (+) (+) (+) (+)

2 (-) (+) (+) (4 (+)
4 (=) (=) (+) (+) (+)
8 (=) () (=) (+) (+)
16 (=) (=) (-) (+) (+)

(8) System Cost Minimization

In cases of bandwidth limited cperation designated by plus signs in
Table XXV, there exists a surplus of system gain (which 1s defined as
the product of the gains of the antenna and of the passive satellite).
Accordingly, we can select the values of these two geins in a way which
will minimize the total system cost.

In order to accomplish this, a computer program was developed which
performed the cost minimization as follows: For a specified value
of 2 (1isted in Table XXIV), the required gain of the passive
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satellite (GSl> was first calculated for varying values ol ground
ant¢nna gain (GQR) using the expression

(?sizg = 23 " (62333 (45)

The diameter of the passive satellite corresponding to the re~
quired gain GSl was then determined using the followins, formula

% Voo () & (16)

where
@ = beamwldth in radians

>\ = operating wavelength

Using DS the cost components of the passive system was calculated
from formulae developed previously.

Lok 6

Cost of satellite Cg = 400 D' + 1.35 10

Cost of R&D = C

_ 2 Sl 6
apg = 5+32Dg" + 397ADST + (3.448.35x10°) D

+ 1.1 GLS

Cost of launch = Cpo = (Cp +y) = cost of booster +

L
cost of satellite.

From these data, the total annual cost of the space segment can
be computed using the cost model previously described (&quation 32).

In a similar way, since the gain of the ground sntenna is known
(equation 45) the antenna cost and the antenna diameter can be
found from formulae developed in Appendix F.

For this case (8GHz)

| | s 10(7.311-5.6224)
Antenna Cost = Cpym = Gop™ © é(IT§1+A)

#
i




_ 1.21 for ¢ < 65.25 @R
| A = 2,21 for G > 65.25 aB (47) :
c ant 1/4,42 ) .
D, = for G>65.254B 8
G [28.81:&.&21 oF 6>05.85 (48)
or 1/2;u2
Cany |
Dy = ["’58'?"] for G<65.25 dB  (L49)

where k is a constant

3 k = —iﬁ- b4 lO3
5C

c ‘speed of light in ft/sec.

Using the vilue ot &tenna diameter, the investment cost of the
ground station and che annual maintenance cost can be computed
using equations (37) and (38). The total level annual cost of
the ground segment can then be determined from the cost model
(equation 32), ~

The sum of the annual cost of the ground station and of tine
satellite represents the total annual cost of the system.

To minimize the total cost, several sets of values of annual
cost of both the ground and space segments are computed by
varying the ground antenna gain. The gains which yleld the
lowest total cost are then selected and other pertinent cost :
items are automatically yielded by formulae (46) through (L9).
Note that trade-offs: are performed on the basis of total annual
costs which include operation and maintenance cost yielding
thereby a time cost optimization.
)

o The results of computer calculations for the cases of flve
e . different types of uder terminals and five different beamwidths
e are shown in Table XXVI, which indicates the optimum division

i of total system gain between the ground antenna G2R and the

setellite G.. s the corresponding diameters and associated cost
Si
: items.
{

As indicated previously, cost minimization applies only to band- ;

width limited cases. For power limited cases, denoted by an ?
- asterisk in Table XXVI, the costs have been calculated and are Ny !
e I ~ included in the teble. |




(9) Maximum Number of Accesses in a Passive Satellite System

o B R o Bt

It was shown (equation 43) that for bandwidth limited systems,

designated by a plus sign in Table XXV, the maximum number of

accesses 1s 16,722, When the system becomes power limited (as

indicated by a minus sign in Table XXV) the 16,722 channels, which

is the limit established by availlable bandwidth cannot he obtalned

because the system gain required when that many channei: are used

(Table XXIV) exceeds the gain that is available (Table XXIII).

In order to find the maximum number of accesses that can be

accommodated in those cases (power limited system), Edquation (39) g
is rewritten as follows:

R(aZraa B)
P, = L2

1 A Z(Z-Rae) (50)

o The required values of 7 (from Table XXIV) is now substituted into
L equation (50) and the corresponding power per access P, calcu-
lated. The total number of accesses is obtained by dividing the
total available power Ppyn (equation 41) by these values of P,.
These calculations were pérformed and are summarized in Table XXVII
which shows the total number of accesses for both types of

passive satellites. The asterisk denotes the cases where the
number of channels is limited by bandwidth availebllity and is
equal to 16,722,

| (10) Determination of Annual Cost per Access for Pagssive Satellite
i Systems

o The total annual costs have been determined as well as the maxi-
mum number of accesses that can be obtained for various system
configurations. The ratio of those two quantities represents the
# annual cost per access. These and all other pertinent data are
1 summarized in Table XXVI. The results are interpreted and dis-
cussed in the "Conclusions'" section of this report.

Expansion of System Capacity
It is now assumed tﬁét in all cases previéusly discussed, it is

desirable to augment the system capability by doubling and then
tripling the total number of accesses availeable with a single system.

*It must be understood that the requirement for system gain Z is estiblished by
the requirements of the signal to noise ratio i’ the first hop of the system.
The amount of transmitter power available per channel establishes the rela-

~ tionship between the SNR of the first hop and the overall SNR requl*@ment.
When P, - cothe SNR of the first hop approaches the total SNR. / J

AppendixX I for development of the pertinent relationships.
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Table XXVI. |

(

Gains Diameter Investment Costs ($M
Passive Passive Gra;
User G G D D Satellite |[Satellite | Ante
Station Beamwidth 2R S1 2R S1 R&D
(degrees) LB DB FT FT
ST-1 1 * 69 124,7 159 325 41.920 2,664 11.:
(6 ft. 2 * 69 118.7 159
ant.) L * 69 112.7
8 * 69 106.7
16 * 69 100.7
ST-2 2 65 117 89 137 21.670 1.745 19
(15 ft. 2 * 69 118.7 159 325 22,010 2.660 5
ant.) N * 69 1.2.7
8 * 69 106.7
16 * 69 100.7
ST=-3 1 62 114 63 97 20,097 1.593 .
(30 ft. 2 65 111 89 137 2.672 1.745 ,
ant.) L * 69 112.7 159 325 22,010 2,660 i 39
8 * 69 106.7 159 325
16 * 69 100.7 159 325
ST=U 1 58 110 Lo 61 18.911 1.478
(60 ft. 2 €1 107 56 87 19.735 1.558 .
ant.) i o 104 80 123 21.080 1.688 i
8 65 103 89 219 36.138 2.110 ¥
16 68 100 141 311 41.151 2.586 6.
ST=5 1 57 107 35 43 18.406 1.428
(100 ft. 2 60 ioh 50 61 18.911 1.478
ant.) L 62 102 63 97 20.107 1.594 ‘
8 65 99 89 138 21.690 1.747 3
16 66 98 112 246 37.525 2.2y2 R
* Asterisk denotes power limited systems
foro0uy FEAME [

5ttt



/T, Passive Satellite System Cost Parameters
(M{1lions of Dollars

5 ($M) Le vel Annual Coste ($M)
Ground Ground Ground Fussive Number of Annual
Antenna | Station Repevter | Satellite Total Accesses Cost/
(A ) (v ) (p ) Access
F p

11.138 18.233 4,011 14,278 18.289 11,464 1,595
14,278 18.289 2,725 6,711

14,278 18.289 536 34,121

14,278 18.289 8 2,286,125

14,278 18.289 -

1.541 7.290 1.767 7.125 8.892 16,722 531
11.138 18.233 4.011 14,278 18,289 16,722 1,093
18.289 14,564 1,255

18.289 3,560 5,137

18,289 798 22,918

668 5.943 1.474 6.832 8.306 16,722 L97
1.541 7.290 1.767 7.125 8.892 16,722 532
11.138 18.233 4,011 14,278 18.289 16,722 1,093
18.289 14,629 1,250

18.289 3,625 55045

.219 5.098 1.284 6.611 7.895 16,722 W72
.506 5.662 1.412 6.764 8.176 16,722 489
1.167 6.736 1.648 7.015 8.662 16, 722 518
1.541 7.290 1.767 13.145 14.912 16, 722 892
6.695 13,442 3,041 14,075 17.116 16, 722 1,024
165 4.974 1.255 6.517 7.772 16,722 465
.382 5. 43k 1.361 6.611 7.971 16,722 W77
.688 5.9kl 1474 6.834 8.308 16,722 497
1.541 7.290 1.767 7.128 8.895 16,722 532
2.419 8.596 2.048 13.4k02 15.450 16,722 92k

85/86
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Table XXVII.

Number of Accesses in Passive Systems

Using Satellite A (325 ft.)
Beamwidth ST=-1 ST-2 ST=-3 STl ST=5
(Degrees)
1 11,464 * % %
e 2,725 * * * *
L 536 14,564 ¥ * *
8 8 3,560 | 14,629 % *
16 - 798 3,625 * *
Using Satellite B (150 ft.)
Beamwidth ST-1 sp-2 |, s1-3 gr-b ST=5
(Degrees) «
1 2,289 % * %
2 428 12,376 * *
L - 3,010 12,442 * *
8 - 660 3,076 * *
16 - 79 723 4,875 12,497

*
Number of accesses is limited by bandwidth and equals 16,722

This could represent a situation where, because of the growth of

traffic, additional capacity is required, oxp when new and inde-

pendent systems are being established.

If the original condition,

that active satellite and ground repeaters associated with passive
- satellite systems are both individually limited to & bandwidth of
500 MHz is retained, the cost effectiveness of such augmented systems
¢an be determined in the following way:

(1) Active Satellite Systems

Tn the active case, additional satellites must be launched, which

is equivalent to establishing new and independent systems.
assumed that no new R&D is required.

It is  
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(2)

To compute the total annual cost of systems with two or three
satellites, added to the cost of the original system (first
satellite) shown in Table XXI (Line 20), is the annual cost of
extra satellites in orbit. §Since it is assumed that no addi~-
tional R&D expenses are incurred the additional cost per
satellite is as shown in line 16 of Table XXI. It can be seen
that, depending on the type of satellite and the beamwidth
desired, the annual cost of adding one satellite to the system
varies from $4.4 million (for a low power satellite (SAT=-1)

with 16° beamwidth) to $11.9 million (for SAT-L4 with 1° beam-

width).

Thus, the total annual cost of a system with two or three
satellites is obtained by adding this figure to the cost of the
system with one satellite. This is shown in line 36 of Table XXI.
Similarly, for three satellites the total annual cost is shown

in line 37 of Teble XXI.

Since the number of accesses doubles with two satellites in
orbit and triples with three, the annual cost per access is
then calculated by dividing the total annual cost of a system
consisting of two or three satellites in orbit by the appro-
priate number of accesses. In this way the original R&D cost

1s shared by all three systems.

The annuel costs per access for the cases of one, two and three
satellites in orbit are tabulated in Table XXVIII.

Passive Satellite Systems

In systems utilizing passive reflectors in orbit the bandwidth
and power limitations apply to the ground repeater station R2.
It is assumed that the satellite itself is capable of operatiodn
over a wide frequency range and can reflect any amount of power.

Accordingly, in order to sugment the access capacliy of the
system, additional ground repeaters must be added. The annual
cost of the ground repeaters has already been calculated and

is shown in Table XXVI. It includes &n annual RN expense of
$0,11 million which was originally added to adapt the station

to high power operation. It 1s assumed that the same expense

is applicable to all repeater stations regerdless of the number -
of them. Accordingly, the cost of adding one additional ground
repeater to the system varies from $4.01 million when the

system operates with smsll user terminals (ST-1) to $1.26 million
when large user stations (ST-5) are used and the required ground
coverage corresponds to a beamwidth of 1°. The number/of
accesses doubles when the second repeater station is added and
triples with the third.




Variations of Annual Cost per Acc

(Annual Costs

1‘ 2.
[ User Number of § i o '
|_Station systems "] 1 2 3 0 __ 1 2 3 e
——— ———fype of system | R e S SN W S—— +——
R po-sy, | RSEECRSEN et —— w— S P— il - ——— I M= - -
| ST-1 | Passive 4__---r_.1§ r_m 765 349 6711 | 4091 | 3218 | 1465 |
& . S B ) . 41% 877 | 788 | 609 " 3344 | 2565 | 2305 17_3_3_,1% ey
..antenna) | =2 | 1273 | 866 | 757 | 498 | .1 1343 | 931 793 518
1 3 |1077[1430 [1247 | 883 | | 20101452 | 1267 | 895 |
g e 4 .,.~2366_TJISE_..._15!3.__19§0 4| 2389 | 1720 | 1497 | 1051 A
BTSRRI T T TEEWE SCNE ES A % | 4
et Eaaatee | 531 | 318 | 247 | 106 1093 669 528 239
| ST=2 { SAT=1 | 812 | 622 | 559 | 432 | | 817 | 627 563 | 436
L1824, 1 5 __TI13 I 2701 792 | 490 it 1225 | 848 | 723 | 471 s
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s k. = = RNt STWES
| ST-4 | Passive | 472 | 274 | 208 77 | .| 489 | 286 | 219 85 | i
| (60 ft. | SAT-1 . 805 | 617 | 554 | 428 770 | 590 | 530 | 411
—antenna) | 2 -t 1381 | 870 | 743 | 4980 1251 | 848 | 723 | 472
SR 1960 | 1417 | 1236 | 875 1960 | 1391 | 1213 | 857 |
4 | 2345 {1693 11476 | 1041 2328 | 1676 | 1458 | 1023 A
£ ’ ¥ IS
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Table XXVIII

ccess with System Capacity Augmentation
its per Access in $)
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{11346 | 9077 8320 | 6807 | 127110 |26807 |269C7 | 26506  [107:17)107317107317 10741
1669 | 1189 1029 | 2500 | 5882 | 4191 | 3627 | 2500 _| 22857 16285| 14095 | 9714
{2172 1602| 1412 | 2301 4 | 4842 | 3572 | 3148 | 2301| | 19283| 14231] 12543 | 9169
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1068 761 659 | 453 | = | 1133 | 807 | 698 481 | = | 1493 1064 921 | 613
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| 662 529 485 397 407 | 403 404 | 398 | = 452.1_7, 452 452 452
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SIS S———— }._ e ; - s ————— s JEEEEIINII. Tmm—— i = =Nt
497 __ 202 224 88_| 532 | 318 | 247 106 924 | 523 389 125
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1767 1304| 1149 840 1767 | 1304 | 1149 | 840 1767 | 130 .1;4..9‘* 840
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The annual costs per access of such augmented systems are shown
in Table XXVIII.

To 1illustrate these cases Figure 22 shows the plots of the annual
cost per access versus the number of accesses for a satellite
system operating with small user stations STel (6 ft. antennas)
and for the ground coverage corresponding to the satellite beam-
width of 4°. The graph shows annual costs corresponding to
systems with up to three satellites ir orbit for three different
kinds of active satellites (SAT-1l, SAT-2, SAT-3) and a passive
system with up to three ground repeaters.

Discontinuities in the curves occur when total access capacity

of the original system is reached and another satellite (or
ground repeater) 1s added. At this point the cost of the system
was increased by adding a second satellite, but the same number
of accesses are used as before. Thus cost per channel 1ncreases.
As the additional channels which are now available are utilized,
the cost per channel decreases until the total capacity is
utilized and the third satellite (or ground repeater) is required.

It can be observed from these graphs that as the system capacity
is increased the annual cost per access decreases, It 1s of
interest to derive a limiting condition for this process.

Consider the equation

(C,. +C.) + nA
Annual cost per access = - RD on (51)
where
CRD reoresents the annual cost of original R&D
(applicable to R&D of active satellites only),
CF represents the annual cost of that portion of

the system which remains unaffected when the

system is augmented (i.e., cost of passive

reflector in orbit for passive systems)

A represents the annual cost of augmenting the system
capacity by an amount equal to the capacity of the
original system

n number of augmentations

P number of accesses in the origlnal system
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When the system ip expanded without limlt, n becomes very large
and the savings realized Zrom sharing the R&D costs in active
gystems, or sharing one pussive reflector in passive systems,
becomes neglislble. The annual system cost per access then
approaches the cost of system asugmentation divided by the maxi-
mum number of accesses per system. BSince both of these quantities
are known,; the annual cost per access of hipothetical systems of
infinite capaclty can be computed. BSuch a value would represent a
lower limit on annual cost per access,

Thus, a8 n + ocoequatior. (52) approaches the following value:

a

Annual cost Per ACCEeSE -%— (52)

The values of ﬁ%~ have beeﬁfcaleulated for the 125 different

system configurations and q@é ghown in Table XXIX, They indicate
that as the system capacity is expanded the passive system will
become more economical in all cases except the following:

(a) Operating with user stations equipped with 6-foot
antennas (ST«1) with ground coverage corresponding
to beamwidth of larger than 2°

(b) Operating with 15-foot stations (ST~2) and beamwidth
larger than 8°

(¢) Operating with 30~-foot stations (ST-3) and beemwidth
larger than 16°.

To indicate the variations of snnuasl cost per access as the system
capacity is increased, Table XXVIII was compiled summarizing all
vreviously derived cost data.

The table is arranged to show how the annual cost per access de=-
creases when the system capacity 1s expanded by a factor of 1
(original system), 2, 3 and oo

It is possible from observing the results for each column to find
the least expensive system at any stage of system expansion. To
make 1t more apparent, the same information is presented in
Figure 22 in a graphical form. The data is arranged in the form
of a matrix showing any desired system configuration (f.e., user
terminal and satellite beamwidth).

For each configuration graphs are drawn indicating the relative
ranking in terms of annual cost per accesz of the various satellite
‘systems as the system capacity 1s expanded to infinity. In this

93




Table XXIX.

HYPOTHETICAL MINIMUM ANNUAL COST PER ACCESS
FOR IYBTINB"ITH INFINITE ACCESS CAPACITY

SAT-1 | SAT-2 SAT-3 SAT-4 lxponstvl

TYPE OF SYSTEM | Passive
User Beamwidth Y PR = Systen—
Station (degrees) L o Es
.?%:L 1 349 609 498 | 882 | 1,050 | Passive|
ft ant) 2 1,466 | 1,786 | s1e 805 | 1,000 | SAT-2_|
4 7,450 | 6,807 709 | 1,140 | SAT-4 |
g 501,000 | 26,506 | 2,500 | 2,301 | 1,838 | SAT-4 |
L = 71904 [ 9,060 | 6,927 [ sAT-1 |
8T-2 i 106 490 875 Lﬂﬂ._._hq,m
(15 ft ant) 2 239 436 472 .| 857 1 1,023
L 275 | 815 847 | 1,006 w
g 1,022 1,324 481 869 | 1,024 | sAT-2_ |
15 5,020 |- 5,275 634 988 | 1,103 || SAT-2 |
8T-3 -1 88 490 | 875 | 1,04
(30 ft ant) 2 106 414 472 857 | 3.023 "
‘;r 418 | 446 840 | 1,006 W
273 502 454 847 1,006 i
16 1,105 | 1,324 | 481 869 | 1,024 | sar-2 |
(60 ft ant) 2 85 411 472 857 1,023 "
4 98 397 446 | 840 | 1,006 ®
j 106 398 | 446 840 | 1,006 "
10 182 450 | 840 | 1,006 "
Be~2 1 428 | 489 | 875 | 1,041 | Passive
(100 ft ant) 2 82 411 472 857 1 1.023 &
g 88 393 446 | 840 | 1,006 "
I‘6 106 388 446 840 | 1,006 -
125 | 408 | 446 | 840 | 1,006 _ v
manner it 1s easy to find the least expensive system for any type
of operating environment and system size.
Figure 23 iudicates that passive systems may become more economicel
than any of the active systems as the system capacity is expanded.
9l
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In order to estimate at what point the annual cost per access
of passive system becomes smaller than the corresponding cost
of an active system, the following approximate formula can be
applied,

F +mA F . +nA
TP =~y (53)
P T TA
where
Fp = annual cost of the fixed portion of passive system
(annual cost of passive satellite in orbit)
Fp = annual cost of fixed portion of active system
(annual cost of initial R&D of satellites)
A = annual cost of augmentation of passive satellite
P system (annual cost of ground repeater)
A, = annual cost of augmentation of active system (amual
' cost of satellite in orbit)
m = number of passive systems (i.e., number of ground
repeaters)
n = number of active systems (i.e., number of satellites
in orbit)
gp = number of accesses per one passive system
?A = number of accesses per one active system

Equation (53) represents the case when the annuel cost per access
of both passive and active systems is equal.

If it is réduired that

mB = nP ﬁ (54)
" P

o= n _...PAA (55)
P

the equation will represent the situation where the annual cost

per access of both systems is equal for the same nuMber of accesses.
Graphically, this is represented by the intersection of T two curves
(one for active systems and one for passive), each of which repre-
sents the locus of the minimum annual cost per access (i.e., annual

%
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cost per access when the system is fully loaded) as the number
of systems is increased, This is shown in Figure 24,

Cost
per |
Acess
locus of minimum cost
for Bystem A
locus of minimum cost
# for System B
Tntersection of Loci
Figure 24, TLoci of Minimum Cost Points
{
— ~\ . V
Equation (53) can be rewritten using equetions (54) and (55).
PA
: = +
Fp+n(P)AP Fy, +nhy
Py
and solving for n
F =-F g
n =—2 A (56) |
A ———
P
b
97
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Since the values of F_ are given in Table XXVI

Lo

A_are given in Table XXVI

ko)

are given in Table XXVI
are giver on line 13 in Table XXI
are given on line 29 in Table XXI

are given on line 39-42 in Table XXI

A

the value of n can be computed from equation (56).

Since n represents the number of systems, it must be an integer.
The next higher integral value was chosen for n and was multiplied
by the corresponding number PA to obtain the approximate number

of accesses for which the passive system becomes less costly (on

the annual cost per access basis) than the active system. These

calculations were performed and the results are shown in Teble XXX.

Table XXX summarizes the cumparative cost effectiveness study of
passive and active satellite systems. It indicates that passive
satellite systems are competitive costwise with active systems in
a large number of cases of interest.

Comparatlve Analysis of One-Way Televis1on Broadcast Service

General.~ This portion of the report covers the comparison of the passive
and active satellite systems utilized for one-way distribution of television
signals. In the passive system csse, it 1s assumed that the ground-based trsns-
mitter is similar to that used in repeater R2 in the preceding analysis of voice
communication systems. The technical limitations listed in Teble XII, therefore,
are applicable in this case.

In the case of the active system it is assumed that each active satellite
can accommodste up to 12 transponders to handle 12 individual TV channels. Since
this implies only one TV channel per transponder, no intermodulation distortion
is present. The characteristics of the satellites are those listed in Table X.

Comparison Criterion.- A television distribution system, which is consldered
in this sectlion, consists of a transmpnter, a satellite mﬂ orbit and a number of
receive-only stations.t

e 7
P
Z * '1

The satelllte may be either active cr passive, and}an attempt is made to
compare the relative cost effectiVeness of these systemp,

In order to calculate the total system cost, theztost of the receiving
stations must be known, which may vary depend1ng ow “the Sensit1v1ty (G/T) of
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| Table XXX.

APPROXIMATE NUMBER OF CHANNELS AT WHICH A PASSIVE SATELLITE SYSTEM |
BECOMES MORE ECONOMICAL (AN ANNUAL COST PER ACCESS BASIS)
THAN AN ACTIVE JATELLITE SYSTEM

TR o NPT U] PSRN

- Approximate ’
no. of channels -
Ground . &t which the ' Repeater
coverage pass, sat, sys. Type of Antenna , Number of
(beamwidth) becomes more satellite D G stations
User Station | (degrees) economical required (£t.) dB required
s5T-1 - 1%Ceity) 45,000 A-325 ft. 159 69 4
(6 £t ant,) 2 (state) SAT 2 '
4 (time zone) | Act. systems SAT 4
8 (U, 8,) are always SAT 4
16 (1/3 earth) | cheaper SAT 4
sT-2 1 Pass. sat. always cheaper B-137 ft. 89 65 1
(15 2t. ant,) 2 ’ 50,000 A-325 ft, 159 69 3
4 50,000 A-325 ft. 159 69 3
8 Act. sat, are SAT 2
16 always cheaper-< SAT 2
ST-3 1 } Pass, s.n;. B-97 63 62 1
(30 ft. ant,) | 2 always cheuper B-137 89 65 1
4 67,000 A-325 159 69 4
8 120,000 A-325 159 69 9
,,,,, 16 } Act. sat. slwvays| o . . ;
cheaper
ST-4 1 Passive B-61 ft. 40 58 1
(60 ft., ant.) | 2 satellite always | B-87 ft. 56 61 1
4 cheaper B-123 ft. 80 64 1
8 50,000 A-219 ft, 89 65 3
16 65,000 A-311 ft. 141 §8 -. 4
sT-8 B A Passive sat. .B-43 ft. . 35 57 1
(100 ft, ant.)| 2 always B-61 ft. 50 60 1
4 cheaper, B-97 tt. 63 62 )
8 22,500 B-138 ft, 89 65 2
|16 46.500 A-246 ft. 113 66 "3
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these statlons. Since these costs were not avallable, the comparison between

the passive and active systems was accomplished by assuming that in both cases
the same number of ground receivers with the same (G/T) are used. Since this

assumption means that the total costs of the ground receivers will be the same
in all cases, they do not have to be included inthis comparison. Accordingly,
it is sufficient to calculate the annual cogts of the satellite snd the trans-
mitter for both the passive and active systems and compare them.

Because of the fact that with a large number of ground receiver, their cost
may be higher than the cost of satellites it is desirable to keep the (G/T) of
receiving stations as low as possible, It is assumed, therefore, that values
of (G/T) of 42 aB or smaller will be considered.

Capacity of a Passive Satellite Distribution System,- The system ronfiguration

assumed for the purposes of this study is shown below and consists of n singie
transmitter, a passive reflector in orbit, and a set of ground receivers which

are all identical.
A
0
////;r’/' ‘\\\\\‘\\\ ’ )E’

o ~p

R

From Table 6 of Appendix K the following'performance and operating parameters
have been defined for a TV channel transmitted by frequency modulation at 8 GHz
with FM feedback receivérs at the ground terminal.

Bl ABERER R ol b T

S/No = 88.2 dB é
n = deviation ratio = 3 g

+
Bop = Carson's rule rf bandwidth = 32 MHz o

The effective radiated power which must be transmitted by the transmitting
stations can be computed from

e

T

Ll

ERP = (S/No) Ly Iy & k —2= + —=— (57)

100
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where

Ll and L, are the uplink and downlink free space losses at
8 Gfiz (201.6 dB for satellite in synchronous orbit)

X represents miscellaneous losses and 1s assumed to be 3 dB
k 1s the Boltzman's constant (-228.6 adB)

G,
Ti is the sensitivity of the receiving terminal
3

GS 1s the gain of the passivé satellite.

Substituting the constants

G
(ERP, ) dB = 88.2 + (2x201.6) + 3 = 228.6 -(-3 )dB - (G,) dB
1 T3 S
G
(ERP) B = 265.8 dB -(-T-i)dB - (64) a8 (58)
3
or
6 ) ap = - (2
P + G - 265.8 @B + (G,) dB = =~ <~ ) dB
T ip 2R 4n , S T,
where
PT is the total power of the transmitter
G2R 1s the gain of the transmitter antenna

The maximum value of P_ of 59 dBW was established in Appendix H. There-
fore, the value of system ggin 7 can be calculated.

G ;
Z 4B = Gy, dB + Gy dB = 206.8 aB - (-g-_,-';) dB A (59):
7 G
Z dB = 206.8 dB “'('53") dB | . (60)
3 i
or
—%— =206.8 dB - ZdB " g o (61)
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From Equation (60), the required values of Z for any given (G/T) can be cal-
culated. Knowing the value of Z the values of GER and Gs can be selected so as to
minimize the overall cost of the system. '

The minimization is accomplished using the same approach as that described
previously in this report in connection with the voice communication system. The
results are tabulated in Tab).e XXXI and plotted in Figure 25, which show the annual

cost of the passive system consisting of one satellite and one transmitter as s
function of (G/T) of the recelivers.

The limits of the passive system capability when the ground antenna galn is .
69 dB can be derived using Table XXII, which shows the maximim gein of the satellite. !
The sum of these two numbers (in dB) represents the system gain 7 which is then
substituted into Equation (f1). The calculations yield values shown in Table XXXII. i
The annual cost of a passive system required to produce these results have been %
previously calculated to be $18.3 million.

Table XXXII, Minimum Receiver (G/T) Required With
Passive Satellite TV Distribution System

3

k-

2
4

Beamwldth “ Minimum
(Degrees ) (a¢/T) aB |
1 13 | i
2 19 '
i | 25 5
8 31
16 37

" Capacity of an Active Satellite Distribution System.- The active system con-
figuration tonsists of & -transmitter, an active satellite in orbit and identical
ground receivers. ‘ .
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G/T
dB

13

17
19
20
23
25
26
29
31
| 32
35
37
39
43

S

Revr|System

Beamwidth = 1

Table

XXX1

MINIMUM COST OF PASSIVE SATELLITE TV |

===——-=% —— —
Anten, Pass. Anten. Satel, A Anten, Pass. A
Gain | 4 Gain! Sat. ,Dia. |Dia. [round 4 Gain_ Sat. ||
v et Gadn | _ it rans. N ¢ .
dB | dB+ dB 1&. Ft. $M | SM | SM dB | dﬂ_j_
194 69 | 125 | 159 | 325 |4,010 14,286(18,296 z
190 66 | 124 | 112 | 298 |2,048 13,934 15,982 ‘
188 66 | 122 112 237 | 2,048 13,318 15,366 |69 | 119 |
187 69 | 118 159 | 149 |4,010/ 7,126/(11,227 68 | 119 |
184 66 | 118 112 149 | 2,040/ 7,216/ _66 118
182 65 | 117 89 137 |1,767 | 7,125| 8,892 64 | 118 |
181 64 | 117 80 | 133 1,647 | 7,089 | 8,736 69 112 |
178 62 |13 63 | 133 !1,4.4| 7,091 | 8,5R5| 66 112
176 62 | 114 63 97 |1,474| 6,852 8,306 65 111
175 62 | 113 | 63 87 |1,474| 6,764 8,238 64 111
172 60 | 112 50 81 [1,360/ 6,730| 8,090 63 109 |
170 - 60 | 110 40 61 |1,360| 6,611| 7,971 63 107
168 58 110 | 40 | 61 |[1,284) 6,611 7.815 61 107
164 57 [107 | 35 | 43 |1,255)] 6,517| 7,772 60 104
e e _ Beapvidth L& 1 ’ R o
176 69 [ 107 | 159 325 |4,010 L_Lmr}_g.ﬁj
175 69 | 106 159 | 300 |4,010 (13,956/17,967
172 | 66 | 106 | 112 | 300 |2,048(13,957|16,005 *
2170 | 65 (104 | 89 | 246 | 2,048 (13,402|15,450 69 101
| 168 65 | 103 89 219 |1,76713,145/14,912 68 100
1. 165 66 99 112 | 142 [ 2,048 | 8,158| 9,206 66 99
164 | | 65 | 99 | 89 | 138 [1,767| 7,128| 8,895 66 98 |
162 | | 64 | 98 | 80 129 | 1,648 | 7,062 8,709 69 | 93 |
e TR RS MRSIaRNERE e
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XX1

TE TV DISTRIBUTION SYSTEM

Beamwidth = 2°

Beamwidth = 4°

ten. ass. ten. .
Gain | Sat. Dia. | Dia. Ground| Satel. | Total
Gain Trans, |in or, | Cost

dB dB Ft. | Ft, $M $M $M
*
69 | 113 | 159 | 325 | 4,010 |14,286 18,296 |
68 112 141 | 299 | 3,041 [13,943 | 16,984
66 112 112 | 299 | 2,048 [13,943 | 15,997
64 112 80 | 309 | 1,647 [14,055 |15,702
65 110 89 | 237 | 1,767 [13,318 | 15,086
67 105 126 | 133 | 2,434 | 7,094 | 9,528
65 105 89 | 133 | 1,767 | 7,094 | 8,861
64 104 80 | 123 [ 1,648 | 7,015 | 8,662
62 102 63 67 | 1,474 | 6,834 | 8,308

101

100

99
98
93 |
103/104

Jﬂdau)f s




Cost et Limit = $18.6 M 4n all cases
. . ——

* Tdmt Lo Lirit 8° Tomd

16 16

16°

15 \ h 15

| Titan|IIIC } BII o “
Change in Bostex | ‘;
AtlasfAgena |+ BI;

e —

12 F - - ’ , 12

11l

Annual System Cost $ Millicn

10

Figupe 25.] Annugal Syst
Vs (§/T) of
8 3 Passive Sag

* strib)

ok aSayss -, vol e

.-
ro
[

TEI5 2 2r o m W M ¥ % % ¥ o 2 B




!
*
v
€
!

The required ERP from the satellite 1is
T

ERP = (5/No) Ijoxk i
3

where the symbols are the same as those in the preceding section. For comparative
purposes it is assumed that the frequency of operation is the semc as in the
passive case, i.e., 8 GHz,

(ERP)aB a8&2+%L6+3~%&6{%4w
- G
(BRR)AB = 64,2 aB - (~2-)aB (62)

Using Equation (62) the required satellite ERP for various values of (G/T)
of the receivers can be calculated. The relation between the annual cost of
the satellite in orbit and its ERP can be obtained from consideration of Tgbles X
and XVIII. The annual cost of a ground transmitter must be added to the cost of
the satellite.

Assuming that the uplink SNR should be at least 10 dB larger than that for
the downlink, and that the (G/T) of the satellite is ~12dB (See Table X) the
required ERP of the ground transmitter can be calculated viing Equation (62).

ERP = 64.2 + 12 = 76,2 dB

Such an ERP can be produced by an installation using a 15-foot antenna (approxi-
mate gainat 6GHz = 49 dB) and a 1 kw power transmitter (30 dEW). The ennual
cost of such an installation is very small compared to the annual cost of the
satellite in orbit and will not, therefore, be cousidered. The annual cost of
the system having ERP as calculated from Equation (62) as a function of the (/T
of receivers is shown in Table XXXIII.

Comparisons of Table XXXIII with Table XXXII indicate that in ewery case‘thé
receiver (G%T) required for operation with active satellites is below the bee@juh_-
value obtainable with passive systems when one TV channel is broadcasted. s

Systems Which Provide more than One TV Channel.- The approech taken to
compare the annual costs of passive and active systems when ‘more than one TV
channel is used is as follows:

The minimum annual coél of a passive system operating with one TV channel

- has already been computed é‘d is shown in Table XXXI. Using these results, an
. estimate iz made of the minimum cost to increase the chanmel capacity to 2, k4,

8 and 12 channels respectively at any given value of (G/T) of the ground receiver.

06
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Table XXXTIT.

ANNUAL COST OF ACTIVE SYSTEMS FOR TV DISTRIBUTION

AS A FUNCTION OF (G/T) OF THE RECEIVERS
' (ONE TV CHANNEL)

~ Approx. Satellite | Annual
i ‘ "~ Receiver ERP Cost
Beamwidth Satollite C/T) dnw) )
1° BAT-1 - s 56 9.2
2 -3 67 14.3
3 -6 70 22,4
4 -8 72 26.8
2° SAT-1 14 . 50 8.8
2 3 61 14.0
3 o 64 22.0
4 -2 6 26.6
4° BAT-1 20 44 7.5
2 o 55 12.0
3 6 58 20,2
4 4 60 26,4
8° SAT-1 26 . 38 4.5
( 2 15 . 49 12,0
3 12 52° 20,0
4 ' 10 54 26.4
16° SAT-1 32 32 4.0
2 21 43 12.0
3 | 18 46 20.2
4 16 48 25,4

The cost minimization procedure is simflar to that used for the case of
one ground transmitter. 1In this manner we develop an approximate annual cost
for & system which provides several TV channels and operates with ground

receiving stations of various (G/T)'s.

In a eimilar manner, the least cost of an active system can be estimated.
Here, however, is a choice of providing different kinds of satellites to

achieve operation with required (G/T) of ground terminals. One set of selections

Using data derived from Tables XXXI, XXXIV and sdditional computations,
Figures 26, 27 and 28, were prepared which show total annual cost of TV dis-

corresponding to a beamwidth of 1°, 4° and 8°.

St
ey

- of satellites is shown in Table JOXIV with the corresponding costs and (G/T)'s.
-~ tribution systems providing 1, .2, 4, 8, and 12 channels and with ground coverage
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ACTIVE SYSTEM ARRANGEMENTS
FOR TV DISTRIBUTION

No. of Required G/T| Annual Cost
Beamwidth | TV Channels System (dB) (5 M) j".(:om;/Chamxel
1° 1 One SAT-1 8 9.2 9.2
2 One SAT-2 0 14.3 7.15
4 One SAT-2 3 14.3 3.57
8 One SAT-2 6 14.3 1.79
12 One SAT-2 8 11.3 1,19
2° 1 One SAT-1 14 8.8 8.8
2 One SAT-2 6 14.0 7.0
4 ' One SAT-2 9 14,0 3.5
8 One SAT-2 12 14.0 1,75
12 One SAT-2 14 14.0 1.17
4° 1 One SAT-1 20 7.5 7.5
2 One SAT-2 12 12,0 6.0
4 - One SAT-2 15 12.0 3.0
8 One SAT-2 18 ©12.0 1.5
12 One SAT-2 20 12.0 1.0
8° 1. One SAT-1 26 4.5 4.5
2 One SAT-1 29 ke B 2,25
4 One SAT-2 21 12.0 3.0
8 One SAT-2 24 12.0 1.5
12 One SAT-2 26 12.0 1.0
16° 1 | one sar-1 32 4.0 4.0
2 | One SAT-1 35 4.0 2.0
4 One SAT-1 38 4.0 1.0
8 One SAT-2 30 12,0 1.5
12 One SAT-2 32 12.0 1.0
\
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orbit, while a passive system consists of a passive satellite in orbit and a

S o
L e i Ry e i L i,

of an a;tive system) or by adding another ground repeater (in case of passive
systems).:

e the annual cost per access, of passive sybtems to decrease at a faster rate than -

e

It can be seen from these graphs that the total annual system cost of
active systems is always smaller for any given (G/T) then that of a passive
system which provides comparative service to the same ground stations.

Figures 26, 27, and 28 are approximate only and should not be used for accurate
determination of absolute system costs. They indicate the annuasl cost of trans-
mitter and satellite, but do not include the cost of the ground receivers.

Discussion of Results

Point-to-Point Communication System.- The results of this work are summarized
in Figure 23 and Table XXX. Figure 23 indicates that in a great majority of cases
the passive systems are either always less expensive (on the basis of annual cost
per access) or become less expensive as the number of accesses is increased.

This result may be explained as follows:

The tot 1 cost per access is obtained by dividing the total system cost by
the number ot accesses. Active satellites, because of higher ERP (compared to
the maximum possible reflected power of a passive system) would normally have a
larger channel capacity. However, because of intermodulation produced by hard
limiting satellite transponder, a certain amount of radiated power represents
the unwanted intermodulation power. To reduce intermodulation, the bandwidth of
each access must be widened. Since the total transponder bandwidth is fixed at
500 MHz, such widening implies fewer sccesses. Thus, there are two limitations
on the total number of accesses - one due to available ERP, and one duvue to
availeble bandwidth. As a result, an optimization procedure described earlier
in this report must be employed to maximize the number of accesses. The results
shown in Tables XX and XXVI indicate the maximum numbcy of accesses for all
cegses under consideration. It can be seen that when systems become bandwidth
1limited, the limiting number of accesses that can be handled by a passive system
is greater than that of an active system. This is due to the fact that a wider
bandwidth per access is required in active systems to keep intermodulation dis-
tortion within prescribed limits. 7

It was considered that an active system consists of a single satellite’in

ground repeater. When the required number of accesses exceeds the capacity of
such systems, it can be doubled by orbiting another active satellite (in case

;. -This process can be repeated if still more capacity is desired. The
costs of#ugh additions are shown in line 16 of Table ¥XI for active systems and
in Table XXVI for passive systems. It can be seen thet the highest annual cost
of the ground repeater is $4.0 million while the cost of orbiting a satellite
varies from $4. 0 to $26.8 million. Pa

Thus, in most cases it costs more to double the capacity of the active
system than it does to double the capacity of a passive system. Since the
capacity of one passive system was in most cases larger than that of an
active system, the process of further increasing the number of accesses causes

12
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the corresponding decrease ir. the annual cost of the active systems., After a
sufficiently high number of accesses is reached the passive systems annual cost
per access becomes lower than that of the active systems. The number of accesses
at which this situation occurs has been estimated and is shown in Table XXX,

The results also show that on the annual cost per access basis, active
systems are always less expensive when high satellite ERP 1s required per
access. This is particularly true when operafing with small user terminals
(SAT-1). The reason is that because¢ of our limitation on the ERP of the ground
repeater, the maximum total power which is reflected towards earth by the passive
satellite in synchronous orbit is always lower than that of active satellites.
Table XXXV shows the differences, ;

Table XXXV. Ratio of ERP from Active Satellites to Maximum
Reflected Power of Passive Systems (dB)

Active Satelllte dB. Above Passive
SAT-1 5 dB
- SAT-2 | 16 4B |
SAT~3 © 19aB o
SAT-L | 20 dB
, * %

Thus, a larger number of accesses can always be obtained with active systems.

Since the above discussion applied to system costs only, it is also
necessary to consider the operational factors which affect the choice between
the active and passive systems. These factors are discussed in the noxt main
section heading of this report. The importance of these factors to the mission
being planned may be decisive in the selection of the systems.

The generazl conclusion that can be drawn/from the results on point-to-point
communication systems is therefore that passive zatellite systems may become
competitive with active systeums on the annual cost-per-access basis in many
situations and should not, therefore, be disregarded in the planning of such
systems.

TV Distribution.-In all cases studied, it is always possiblé to pr&Vide

“an active satellite TV distribution system at an annual cost smaller than the

comparative cost of a passive system. In the proper context, the cost comparison
methods used in the preceding analyses were exactly the same. In both cases, data
relating level annual system cost was developed as a function of ground terminal ‘
G/T with traffic level and ground coverage es-parameters. Therefore the least
costly system for a given set of -parameters could be determined°

. The only differences in the two m1581ons were the total commanlcatlon traffic;
i“on&idered and the intermodulation problem:present in‘the active satellite voice

" mission. These factors are responsible for the apparent conflicting repults as

stated above.
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it OPERATIONAL CONSIDERATIONS OF PASSIVE AND ACTIVE SATELLITE SYSTEMS
;3 General

| In the previous section of this report passive and active satellite systems
were examined from the point of view of their total channel capacity and annual
costs. It was concluded that In many cases passive satelilte systems become cost
competitive with active satellite systems when a sufficiently large number of
channels is acquired.

! B In this section, brief consideration is given to the main operatioral problems
2 associated with large communication systems utilizing satellites. The topics
discussed are:

(1) Areas of Coverage
(2) Technical Performance !
Signal suppression ang intermodulation
Jamming
Operational flexibility
Propagation time delay

(3) Interference and Spectrum Utilization :
Transmitter power . ‘ , ;
Scatter :
Interference with other sciences |
Safety ‘ ’
Modulation
Multiplexing
Operating freduencies

(4) Traffic Control

Coverage Areas

The coverage area and location of the rf energy on the earth from an
active satellite in synchronous orbit is determined primsrily by the satellite's
antenna beamwidth and its attitude control. 1In contrast, the beam location of
a passive satellite in synchronous orbit is determined not only by the beanm ;
pattern of the satellite and its attitude control but also by the location of ;

the transmitting station. . i’

~ T G e

Each type of satellite considered previously needs to be examined to deter-“
mine its particular reflecting properties. Once these are known, the associated’
reflection geometries can be determined. ‘The following paragraphs will be con-
cerned with that class of reflectors on which the most emphasis was placed in
this report; the specular reflectors whose reflection characteristics are defined
entirely by Snell's law. . ; , s ) ~

il
o
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where

(1) =sin 7,6 = gin Z:L

I

LS
7& =

sngle of reflection referred to the surface normal

engle of incidence referred to the surface normal

Assuming the satellite is in an equatorial synchronous orbit, the loca-

tion of the center of the reflected beam can be given by:

b b

(3) sin(,ﬁ )*-—-—2—- tan)\ if 03;¥ 0 , or
( Y = RN :
(4) cos (B2 = c, ke if C,
where
A g = latitude of receiver (+ if north, - if south)
,ﬂ R = angular displacement (1ongitude) of receiver relative
' to satellite longitude (+ if east, - if west)
and
o. = (/&) [ A (20,7 = 1) - A, (26,.0,.) + ) ]
‘1 171 1 33 2 > 731733 32 33
p . 2 - _
¢, = (1/K)) [ -ap (20y 65;) + 4, (26 1) - A, (26,6.,) ]
= ! - 2 + 20_,°-
Cy (1/5)) | Ay (29508,5) - 4, (265 32) by (285, %) ]
where ?
" T
: 2 . |-
K, = RQ—\/l+k - 2k cos A, cos B
A, = Ry (cos AT cos /65[' -
" | ; i o
A, = B, (cos A’T sin /JT) o
A3 = RO | sin AT
115
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and
Qll = cos ©
9 = ©
913 = ~gin ©
6, = 5in 6 sin ¢
0,, = cos @ sin
O3 = sin @ cos [/
O3 = -sin ¢
0,4 = cos @ cos ¢
where

>/
=3
It

latitude of transmitter (+ if north, - if south)

longitude of transmitter relative to satellite
longitude (+ if east, - if west)

>
1=
i

R th
k = R
0
h = satellite altitude
R, = earth radius
e = pitch of satellite relative to satellite earth-center

line (+ moves surface normal eastward)

roll of satellite relative to satellite earth-center
line (+ moves surface normal northward).

li

g

_ Note that when the radicals of equation (2) or (4) are negative, the center
of the reflected beam exceeds the earth's subtended angle as seen from the
satellite., Note also the existence of two solutions to these equations. One
solution is the position of the beam center on the front face of the earth (the
desired solution). The other repreiments this point projected on through toithe
back of the earth. '

From the above esquation, it is obvious that, to an advantage or disadvantage,
each transmitter location reflecting off a passive satellite with & particulsr
orientation has its own discrete coverage area location and no other in which a
designated receiver can be located. The active satellite can, however, redirect
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a wave into any location dependent only on antenna orientation regardless of

the transmitter direction. As a corollary of course, the active satellite is
limited to relay into only one area at any given time while the passive satellite
can simultaneously relay traffic into many different areas. The result is a
difference in the number of satellltes required to support a system strictly on
the basis of geometry.

Trom a standpoint of the number of satellites required, the worst case
for the passive satellite is represented by the situation in which a satellite
of beamwidth ¥, is required to provide communication hetween any two points
in an area of intercept angle from synchronous orbit corresponding to ¢. In
a single hop passive system the number of satellltes necessary is

2
n = (-%2-) (63)

while the number of single beam active satellites required is

- 2
n = (—-) 0 (64)

v
=

Thekmultible beam type active satellite wonld require *5' satellites
assuming x ground stations and y beams if the uplinkybeam is 2:¢, For

large m and realistic values of n, the multiple beam type may require
more satellites than either the single-beam active or passive.

Considering again equations {(63) and (64), it is seen that, TOr. equiva=-
lent beamwidths, four times as many passive satellites are required than
active satellites to provide communications between any two points within a
given area. If the same number of satellites are desired, the beamwidth,of
the passive must be twice that of the active satellite.

The above is necessarily true only for a single hop passive system. If
a double hop system (master terminal concept) is used, each system would
require the same number of satellltes; f.e.,

By using a combination of singﬁx ‘and double hops, most, or in some
“instances, all stations within the préscribed area could communicate with
each other via a passive system having a beamwidth equivalent to that .of

an active satellite. , :

Figure 29 illustrates this point, which represents a matrix of 12 major
cities in the U.S.A. With a passive "saddle" satellite having a 4° beamwidth
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at high SNR's.

located in stationary orbit at 95° W longitude over the equator and pointed
towards a point 95° W longitude and 37° N latitude, a communicetion capability
can be established as shown in the figure. The first column denotes trans-
mitting stations. Sign "X" in a row of the matrix indicates that a receiver
identified on the top of each column (lst row) can be reached. Single "X"
indicates that direct (one hop) contact 1s possible. A circle (0) indicates
that a double~hop connection can be established., For example, transmission
between Los Angeles and San Francisco can be established by first reaching
Detroit, and then retransmitting the signal to San Francisco.

Figure 29 indicates that with a single 4° passive satellite, communications
betveen New York and Dallas could not be established even with two hops. Hows
ever, using two passive reflectors and creating essentially two systems with
one common point for retransmission, communications throughout the U.8. could
be provided.

The total number of telephone communication channels which would be
required by 1980 among the 12 citles shown in the figure has been estimated
by the Bell System at 236,000, The analysis of cost effectiveness of passive
and active systems previously presented has shown that when 4° beamwidth is
desired, the passive systems become more economical when more than 67,000
channels are used (with ground transmitter stations equipped with 30-foot
antennas). It would appear, therefore, that, on the basis of the analysis
in the previous section, passive communications networks across the U.S.
could be economically competitive wilth an active system 1f operational aspects
of tide problem were satisfactorily solved.

Technical Performance

General,~ Active satellites equipped with hard limiters and operating in
non=linear portions of the output tube characteristics are subject to all the
disadvantages resulting when several independent signals are simultanecusly
passed through a non-linear device. Passlve satellites, on the other hand, can
be considered linear reflectors over a wlde range of frequencies. As such they
do not suffer from these drawbacks. From a standpoint of technical performance,
this presents passive satellites several unique advantages which cannot be
duplicated by active Systems.

Signal Buppression and Intermodulation.- The amount of output power avail-
able to the different signals transmitted through a non=-linear transponder is
of great importance in the design of satellite systems. It has been shown that
when input signals do not have equal amplitudes, signal suppression of weak
signals can occur. Thils is particularly evident when a small number of signals
are present. For example, the gignal-to-signal ratio between the input and
output when one signal is strong and one is weak indicates that the weak signal
can be suppressed by a theoretical maximum of 6 dB. On the other hand, when
there are two egually strong and one weak signal, the weasker signal is enhanced

ey
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However, when a large number of signals are present and all have equal ampli-
tudes, the loss in output signal power is restricted to slightly more than 1 dB.
Accordingly, some method of power control is desirable with non~linear systems
to insare that the many carriers at the output to the satellites are roughly equal
in powex .

The presence of many signals in the non-linear transponder results in inter-
ference through the production of crossproducts. In Appendix M this problem has
been discussed in more detnil and has shown that the resulting signal-to-interference
ratio (SIR) has a direct effect upon the access capacity of the system.

In summary, it may be stated that active satellite systems equipped with non-
linear transponders are subject to signal suppression and intermodulation product
generation and generally require some input signal power control.

None of this is required by passive reflectors which ideally would provide
no loss to signals during the process of reflection. Since non~linearities do
not exist, no intermodulation products or crosstalk between accesses is generated
and signals of any magnitude can be accommodated. As & result, no input signal
power control is required and earth transmitters can be substituted at will with
complete freedom as to their ERP,

Jamming.=- The linearity of a passive system also prevents the possibility of
it being disabled by intentional or non-intentional jamming.

In active satellites the total output power from the satellite is fixed.
Accordingly, a strong jamming signal could disable the system by effectively
"capturing" all the useful power of the transmitter. This is not possible
with a passive reflector where no limitation on the total reflected power exists.
Thus, passive systems exhibit & performance under jamming conditions which is
substantially superior to that of hard limiting active systems.

Operational Fléﬁibility.- Another major advantage of passive systems is the
flexibility in system design permitted by the fact that ideally no limitations
exlst on either the operating frequency that can be used or on the power which

is reflected by the passive satellite in orbit.

This means that once the reflector is put in orbit, earth stations can be
changed, new systems operating at other frequencies can be added, etc. The
possibility of simultaneously operating several systems means that the cost of
the satellite can be shared between them and that, in emergencles, no delays

‘associated with orbiting of new satellites are incurred. Earth transmitters

can be added at will, permitting rapid and unscheduled system expansion.

Such flexibility is not possible with active satellites. Limited total
power capability imposes a constraint upon the maximum number of earth trens-
mitters which can simultaneously use the system. Restriction on total satellite
bandwidth (arising from the bandpass characteristics of power tubes, pre-
amplifiers and antennas) imposes :‘a limit on the bandwidth of individual accesses
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(in TDM systems). Once the satellite is orbited and the system operates at
full load no further accesses can be added, nor can other systems operating on
different frequencies be accommodated.

In addition, some flexibility in carth station ERP 1s lost due to the
advisabllity of regulating the signel power of each carrier at the input to
the satellite.

fim

Propagation Time Delay.- An additional technical consideration is that of
propagation time delay. When satellites are used to establish communication
links, the time delay associated with the speed of signel propagation becomes P
appreciable. With satellites located in stationary orbit, a time delay of up 3
to 0.3 seconds can occur for one way propagation. If the signal is reflected 3

g at the receiver, it returns to the origin in the form of an echo with a delay
Qo of up to 0.6 seconds., When a double-hop system is used, the echo would be
‘ delayed up to 1.2 seconds. The two major considerations, therefore, are:

(1) Echo
(2) One=-way time delay.

The problem of echo due to satellite links has received a great deal of

o attention. Despite serious misgivings voiced by many people in the early days
i . of satellites, all present problems appear to have been satisfactorily solved by
s | the use of improved echo suppressors. It should be remembered that echoes occur,

‘ primarily at the points where four-wire to two-wire conversion occurs in the
P ' circult., If separate transmit and receive circuits are used throughout the
o system up to and including a four-wire telephone set the problem vanishes.
o Although such solution is not very feasible commercially, it could be used in
some special applications.

o The situation can also be improved by the use of push-to-talk arrangement i
L whereby the telephone receiver is not operative durlng transmission. The i
effects of echo in double-hop circuits can be handled in e similar manner. 4

These various possibilities require further study. It appears, however,
that double-hop systems can provide an operation which would be quite accept-
able under most conditions, especially when interconme ction with established
terrestrial systems 1is not contemplated.

B L LM,

The one-way time delay (as differentiated from the echo) has the ‘ 7
psychological effect of rendering an exchange of idpas more difficult because ‘ J
of the delay in receiving a reply. This annoyance ﬁroblem can be alleviated :
by push-to-talk operation and is also reduced as the user becomes more femiliar
with the system. '

In general the effects of echo and delay in double-hop systems must receive
a more thorough consideration before their impact upon the development of such
systems can be evaluated. In special cases, however, particularly with push-
to talk method of operation, satisfactory results can most probably be obtained.
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Interference and Spectrum Utilization

General.- The problem of the compatibility of satellites and efficient
spectrum utilization has recently received considerable attention. Specifically,
when considering communication satellites, a look at Table XXXVI indicetes that
below 10 GHz only 100 MHz of bandwidth is availeble for exclusive communication
satellite usa, The remaining 2700 MHz of bandwidth allocated for communication
satellites must be shared with existing terrestrial services.

Table XXXVI. Comsat Frequency Assignments (1963)

B 3400-4200 Miz Satellite to Barth Shared
L400-4700 Mz Satellite to Earth Shared
; 5725-5850 MHz | Earth to Satellite Shared in most regions
o - 5850-5925 MHz Earth to Satellite Shared in most regions
f' 5925-6425 MHz Earth to Satellite Shared in most regions
3 7250-7300 MHz Satellite to Earth Exclusive
% 7300-7750 MHz Satellite to Earth Shared
N . T7900-T7975 MHz Earth to Satellite Shared
7975-8025 MHz | Earth to Satellite Exclusive
ig 8025-8400 MHz ' Earth to Satellite Shared
i e : * T
Total Allocated Bandwidth
5@ Exclusive - 100 Mz
'i? Shared 2700 MHz
b

2800 MHz

e Transmitter Power.- The term spectrum utilization is concerned, in part,
L with the problem of interference control in the frequency sharing environment.
‘ Except for very special applications, earth stations operating in a passive
communication setellite system are required to transmit much larger ERP's than .
the equivalent station of an active system. Possible exceptions occur when the @;
desired satellite ground coverage area is very small. The higher ERP required V Y
results because the passive systems 'up-link gain" (intercept area) is
generally not sufficient to overcome the advantage the active satellite accrues
through the amplification process at the satellite. The implication is that the
active satellite can more efficiently utilize the available spectrum.

RO . A higher ERP does not, however, necessarily result in more interference to
i neighboring facilities. If the same diameter earth transmitting antemnna is
e employed, in an interference comparison between active and passive communication




satellite systems, then the passive system must obtain the required higher ERP
by transmitting higher power which could result in higher interference levels

to surrounding systems, If, however, the passive system utilizes a larger
antenna to achieve at least a portion of the ERP differential, then, &ssuming the
interference results from the antenna sidelobes as opposed to the main lobe, the
resulting interference (on a comparative basis) is determined by the relative
sidelobe levels in addition to the relative transmitted power.

Use of the master terminal concept discussed praviously provides another
method through which the problems agssociated with the transmitted ERP of a
passive system can be alleviated., While such terminals require even larger
ERP's, by virtue of the reflection characteristics of passive satellites, the
interference problem can be minimized by proper locstion of the large master
terminel, e.g., a domestic USA system might locate the master terminael in South
America where the problem of direct interference would be virtually nonexistent,
However, there are other difficulties assoclated with operation in unimproved
areas including that of supplying prime power which can amount to several mega-
watts.

Unique spectrum allocatlon is another solution to the problem. This would
alleviate direct interference with other systems but would not prevent possible
interference with the passive systems own receivers, Even with a unique spectrum
allocation, interference arises as a result of spurious yadiation at harmonic
frequencies caused by non-linearities in the transmitter.

In any case, substantial shielding of the transmitter site would be required
to attenuate unwanted radiation to more acceptable limits, Such shielding require-
ments may restrict the freedom of site selection and impose restriction on the
minimum elevation angle of the antenna. It may, in addition, increase the cost
of the installation because of shielding itself and because of the desirability
of locating the antenna in remote areas.

CCIR Recommendations. - The high ERP required of the transmitting terminals
in a passive system must also be viewed relative to the tabulated CCIR recommenda-
tions. + The ERP of the largest terminal considered herein is 129 dbw over 500 MHz
in the main beam of the antenna. If proper siting, shielding and antenna design
for low sidelobes are given due consideration, interference to terrestrial systems
in the shared frequency bands should be negligible, even for the high ERP's con-
sidered,

The high active satellite FERP's utilized in the cost comparison are, for many
cases, in excess of existing CCIR recomendations on spectral density from space
~of -130 dbw per square meter in the shared frequency bands. This recommendation,
however, has since been detsrmined to be stringent and a proposed change would
make it (-152 + /15) dbw/m=/LkHz. |

Scatter. - Precipitation scatter or other forms of scatter constitute
potential interference sources which have not been analyzed in this study but
are presently being considered by other researchers (Reference 4). Concern
has been expressed regarding the possible magnitude of this problem and further
study would be necessary to evaluate its importance with respect to passive
system operation, particularly from the point of view of its effects upon the
system's own receivers.
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g Interference with Other Sciences.~ Large passive communication satellites

‘ of the type considered in this report can potentially interfere with other sciences
such as astronomy-optical, radio, and radar. It 1s easily calculated that a
3265~foot diameter saddle satellite with a radius of curvature near 11,000 feet in
synchronous orbit can have an apparent magnitude of -4.9. This is slightly \
brighter than the planet Jupiter at its brightest. For radlo astronomy, some

occulting would surely occur but this could be advantageous as well as harmful.

Safety.~ The high power operation of passive system transmltters also
~ represents a possible safety problem. In addition to the safety of the personnel
Et operating the transmitting station, the extremely high density of radiated power
’ may present hazards to ailrcraft or other space vehicles flying threugh main beam
of the antenna. This problem also has not been sufficlently analyzed and addi-
tional study is required to assess its importance.

o

Modulation.- In addition to the external problem of interference, the |
efficient spectrum utilization of any system is also dependent upon its inter=- %
nal engineering techniques. Fur example, from an internal spectrum view point '
{t is desirable to employ a moduletion technique which requires the minimum
bandwidth to transmit a particular amount of information. However, minimum
bandwidth is generally incompatible with the external spectrum utilization
problem of interference which dictates minimum power. The best trade must,
therefore, be made.
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Multiplexing.~ Considering multiplexing techniques, 1f FDM (frequency
division multiplexing) is used, active satellites which make use of hard-
limiting receivers need to space the signals wicely in frequency and control
the level of each signal to prevent harmful inter-modulation and cross=-
modulation productions. Spectrum-wise this is very wasteful and an undesirable
restriction. Passive satellites, on the other hand, permit many signals to be
closely spaced in frequency and with little constraint on power.

Operating Frequencies.- Assuming both the active and passive communication
satellite systems employ the same type modulation and multiplexing, yet another
"Internal" difference exists between the two systems which determines the amount
of spectrum required for a particular channel of information. 1In an active
communication satellite system all stations of a given network transmit in one '
frequency band and receive in another; the translation being accomplished at 7S
the satellite as required due to the lack of good diplexing techniques. 1In
contrast, the passive satellite being only a reflector does not effect a fre~
quency translatlon. If the master terminal concept is not used in the passive

- system, 1t can be shown that the active system requires up to twice the fre=-
quency range as the equivalent passive system for the same circuit capacity.
If the master terminal is used, the two systems are identical..
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Traffic Control

Any communicaticns system serving a large number of userz requires some
method by which connections between users can be established and supervisory
circult control can be exercised. The switching function which hes to be per-
formed normally requires an amount of equipment proportional to the size of
the system, and the switching installation, because of its size and prime
power consumption, is one of the mest essentlal parts of the system. When
active satellites are uged to provide transmission links directly between the
two users, the problem of how to switch the connections to permit each station
to communicate with every other station becomes a serious one. As yet, no
completely acceptable solutlons have been found, although suggestions have
been made to locate the switching equipment in the satellite., Apart from the
obvious difficulty resulting from impossibility of mesintenance, such an approach
would preempt a major portion of satellite power and weight, thereby reducing
the overall system capacity. Any solution along thoge lines has not been
attempted as yet and must be considered outside the immediste state-of =the-art.

When a double~hop passive system is used, a ground based repeater stetion
is required (see Figure 20). All switching and supervisory equipment can be
located at this station, thus providing a complete traffic routing and control
capability. Since the switching equipment 1s locuted on the ground and the
reflectors provide only a passive communication link, this system approaches
most closely the conventional terrestrial telephone network capability, with
which we are all familiar.

The conclusion that must be drawn, therefore, is that, since no tested
and generally accepted technique exists of providing traffic control and switch-
ing function in orbit, communication systems utilizing active satellites must
resort to other techniques as yet unknown, or to a double~hop system arrange-
ment similar to that of a passive system shown in Figure 20, Thus, for the

“traffic control point of view a double-hop system may be required even in active

satellite systems. If such is the case, the passive satellite system will pro=-

vide twice the capacity in the total bandwidth as compared to an active system, .

This is due to the fact that in a passive system different frequency bands are
used for each hop, whereas in two-hop active systems, each hop requires one-half
of both bands. This is shown in Figure 30.

ACTIVE
PASSIVE
- 8.0 GHz | |
8,00 GH 7.2 : Vg :
(500 \vgz/ f 500 MHz) (250 %5 54 .okr{égg %:)
\s ¥ (250MHE) K250MHz) %
= — ® N/ B

Repeater Fepeater
Figure 30. Compariéon of Double-hop Systems };Q




The traffic control requirement described above constitutes one of the
major unsolved problems in the development of satellite systems with capabilities
! comparable to terrestrial switched telephone systems. If a two-hop satellite
i system 18 required to achieve such capebility, passive satellite systems become
' particularly attractive.

swmary of Operational Considerations

Considerations resulting from operational differences between active and
passive satellites have been summarized. Since the differences result in pros
and cons for both systems, it is difficult to derive a single ponclusion besed
on the summary and any cunclusion warrants considerable dlscourse.

4 Most of the negative indicators resulting from the analysis can he bypassed
in system design, or other considerations for elther the passive or active
system while still maintaining the basic conclusions resulting from the cost
analysis.
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Perhaps one of the most serious problems considered relates to possible
interference effects of the passive system high ERP transmit terminel operating
in the shared miasrowave bands. 'These large ERP terminals would require careful
antenna design, judiclous siting, as well as other forms of shielding. However,
on a comparative basis, actlive satellites mey suffer similar problems under
presently existing {CTR regulations. '

Therefore, vither system would require careful design to meet these

regulations, based on technical evolutions, or system modifications such es

a switch to higher uncluttered and unshared spectrum. It has been noted thet
the number of satellites regquired to support any given mission or missions as

a function of only geometric considerations can be different for active or

| passive systems. However, the factor cannct, in general, be construed as a

!, problem for either passive or active systems and must be evaluated for specific
; requirements. The important point is that geometry must be considered in other
i than general comparisons between active and passive systems, since the number

i of required satellites greatly affects system cost considerations.

ANALYSIS OF THE RELATIVE PERFORMANCE OF A PASSIVE SATELLITE
4 SYSTEM AT FREQUENCIFS OTHER THAN X BAND

Generél

The analysis to this point has been related primarily to a base frequency
near 8 GHz and little consideration has been given to the spectrum on elther side.
In this section, consideration is given to the frequency varying parameters affect-
ing the signal-to-noise ratio at the input of a passive satellite recelving station
to determine if, from a capacity standpoint, other operating frequencies are nore
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advantageous. The analysis includes the frequency range from 1 to 100 GHz, but
purticular emphasis 1s placed on the spectrum above 10 GHz because of the
advantages offered in antenna gain and reduced interference.

Initially, a technology base will be established for an earth~to-space link
operating in the band between 10 GHz end 100 GHz. The theory of attenuation cue
to the absorpticn, scattering and refraction processes is briefly summarized for
the purpose of determining the losses which result from atmospheric gases, pre-
cipitation and clouds. State~of-the-art technology in pertinent millimeter wave
comporients is also reviewed, In addition, the various anteénna types which may
be used for satellite communications and the limitations on these antennas is
onsidered. ZEmphasis 1s placed on physically large parabolic reflectors since
these have been used for radio astronomy and give rise to gain which, hitherto,
ald not seem possible at the lower microwave frequencles, 7This factor makes
them particularly attractive as ground based terminals for passive communication
satellites,

Propagation Parameters

When propagating tirough the atmosphere at millimeter wavelengths, in

addition to the free space losses encountered, an attenuation is experienced 3
as a result primarily of atmospheric gases, precipitation and clouds., The i
degree of attenuation resulting from these methanisms varles as a function of ﬁg

frequency with the longer wavelengths also being subjected, bhut to a lesser

extent. Oxygen and water vapor, the principal atmospheric gases contributing

to the attenuation, absorb microwave energy while liquid water, in the form of
rain and clouds, attenuete through both absorption and scattering.

Oxygen and water vapor are ‘the prime attenuators of an electromagnetic wave
propagating through a clear atmosphere. The attenustion at some vavelengths
18 so extreme that the atmosphere is made opaque to radlo waves. Molecules of
oxygen have permanent magnetic dipole moments and those of water vapor have
electric dipole moments. As a result of these moments there is a large number
of energy transitions that produce maximum values of absorption at millimeter
frequencies. Below 100 GHz, water vppor has a single resonance which occurs
at a frequency of about 22 GHz while a clustir of oxygen lines exist at 60 GHz.
The shape of the water vapor resonauce curve is a function of atmospheric
temperature, pressure and the partial pressure of water vapor. Oxygen resonance
lines are a function of atmospheric temperature and pressure,

The peak absorption hends are siiown in Figure 31 which is typical of curves

depicting the total atmospheric attenuation resulting from atmospheric gases.
In the plot a stenderd atmosphere was assumed. As can be seen low absorption
bands or windows exist slightly sbove 30 GHz and 90 GHz. It is these windows
which are of interest in the implementation of earth to space links., The

regions of high loss are of sgignificance where propagation through the atmos~
phere is not required, such &s in satellite to satellite communications. The
value of using these bands for transmission outside of the earth's atmosphere
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stems partially from the private links which can be establishied. Secure links
are possible, particularly in the 60 GHz region, because the high attenuation
assures against reception on the ground.

The degree of attenuation experienced is dependent upon the elevation angle,
Since at lower elevation angles, more of the atmosphere is traversed, the
attenuation experienced is considerably greater than that experienced by an
electromagnetic wave passing vertica.ly through the atmosphere. This fact, in
addition to an increase in problems associated with characteristics svih as
reflraction, and apparent .sky temperature limits the minimum useful el#vation
angle.

Precipitation and clouds are atmospheric constituents which can add to the
dttenuation of a clear environment. At millimeter frequencies, the losses
caused by these constituents are higher because of the increased particle size
with respect to a wavelength. Attenuation due to both absorption and scatvtering
has been expressed in equation form by Mie, 1908 (Reference ©). However, if
droplets of condensed water in the form of rain, fog, clouds, etec. are very small
compared to s wavelength, the Rayleigh approximation may be used. For the fre-
quency range of interest, droplet size is such that the latter can be used to
characterize the attenuation due to all but rain, where the Mie scattering solu-
tion 1is required.

To fully agssess the attenuation associated with rain, the rate of rainfall
must be considered. Attenuation constants as a function of frequency for various
rainfall rates are plotted in Figure 32. At 35 GHz in a heavy rain a 3 db/km
loss is incurred and approximately a 1 db/km loss is experienced in a moderate
rain., The effect of such losses on communication and the necessity for providing
sufficient compensation has been demonstrated at lower frequencies on presently
operating satellites. - However, the inclusion of such a margin must reflect the
location in which the system operates to prevent waste of power. To give an
indication of rainfall rates, Figure 33 is included. This is a plot of time dis-
tribution of rates for certain typical climate areas. Also included is the time

.distribution of attenuation for these areas.

~“Attenuation due to ice particles (hail) or dry snow tend to be relatively
low when compared to rain of equal water content. However wet snow can be a
much stronger attenuator than water droplets of the same volume.

The nature of attenuation in c¢louds and fog is similar to that of rain with
droplet size generally being less than that of rain. Loss is primarily due to

~gbsorption of microwave energy rather than scattering because of the small cross
.section of the particles. Water content is generally characterized by visibility.
‘Ivtted in Figure 34 is the attenuation, as a function of frequency, for heavy

and light fog.
1 In the ahove paragraphs the attenuation due to atmos pheric gases, various

forms of precipitation and fog has been presented by typical plots. The
difficulty in “trying to relate these values to the total attenuation through
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the atmosphere lies in the selection of a model to represent the atmosphere.
Models vary between geographlical areas and in fact an appropriate model for
one location may differ from day to day due to the variability of the weather
and extremes in the weather. These variations result in signal fading which
presents limitations on a millimeter system.

Another important characteristic of millimeter wave propagation which
causes fluctuations in signal strength is that of refraction. Refraction is
a bending of an electromagnetic wave upon passing fron one medium to another
caused by a resulting change in velocity. The index of refraction due to the
earth atmosphere is given for microwave frequencies by the equation

, P
('q - 1) 10° = 776 -;L + 3.73 x 10° Wy
T

where
index of refraction

= (7] -1) 106 = refractive modulus

il

air pressure (millibars)

H o =2 9
1

= temperature (°K)

1t

partial pressure of water vapor (millibars)

S"d

\

For the standard atmosphere 'h decreases with helght. A wave passing
from a lower to an upper layer is bent away from the zenith. Because of this, -
the apparent position of a source outside the lower atmosphere appears at a
slightly greater elevetion angle than the true angle. For high elevation
angles this difference is negligible but for low angles it must be compensated
for. This can be accomplished by changing the antenna angle. A plot of the
correction nezessary for various elevation angles is given in Figure 35.

System Noise Temperature
The performance of a satellite communication gystem is dependent upon the
noise temperature of the system. Two factors contribute to system noise;

(1) space and environmental noise and (2) losses from the antenna input terminals
to the dutput of the receiver. System@noise temperature may be expressed as

‘Ti m Ta + To (WF = 1) -
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where
Ta = effective antenna noise temperature
T, = 290° K (reference temperature)
WF = receiver noilse figure

The effective antenna noilse temperature generally represents cosmic noise,
solar noise, atmospheric noise and ground noise, Cosmic¢ radiation, which accounts
for most of the effective antenna noise temperature below 1 GHz, 1s negligible
at millimeter frequencies and solar noise is not a problem unless the receiving
antenna is pointed directly at the sun or moon. The primary contributors to

at the frequencies of interest are the atmosphere constituents which, in
aadition to being attenuators of microwave energy, are emitters of electromagnetic
energy. This emission by atmospheric gases and precipitation is referred to as
sky nolse,

The total noise received from the above sources, in addition to being fre-~
quency dependent, is a function of the antenna pointing angle, antenna beam
pattern and varietions in the sources themselves, Hence, T may be determined
only in a statistical manner, Further, without knowledge of the specific antenna
pattern, typicel side and main beam lobes must be assumed. Much of this work .
was done by Blake (Reference 7) and it is through his analysis that the effeci lve
antenna noise temperature was determined. Figure 36 indicates T as a function
of frequency for main bveam elevation angles of 10 and 30 degreese The plot
indicates the effective nolse temperature in a clear atmosphere and how this
noise temperature is influenced by rain and fog.

System noise temperature is also a function of the receiver noise figure,
Figure 37 shows the noise figure of a crystal mixer and uncooled parametric
amplifier that might be used in satellite communication. Since data above the
frequency band presently used in most satellite communication systems is scarce,
the noise figure for uncooled parametric amplifiers above 10 GHz hes been proe=
jected from other data. Noise temperatures lower then that shown are realizable
with cooled paramps and masers but only at considerably more expense both in
the initial purchase and operation and maintenance. Further, current bandwidth
capabilities of masers and parametric amplifiers are less than 500 MHz 1in the
frequency range up to 40 GHz, However, since ultimately communication satellite
earth stations will require receivers with 500 MHz or more of bandwidth, 1t is
felt that such a paramp as well as masers, will be developed.

Transmitter Power

A major factor in'ﬁhe,succesSful‘implementation of a passive satellite
system 1s the ground terminal ERP, Two elements contribute: antenna gain and

*, mm/hr of rain over a 12 km propagation path and 250' 1sibility for over a
6 km propagation path were assumed. 8
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ﬂ/quencies but the microwave trend is being followed in that virtually all practical

application, available material and precision of manufacture.
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transmitter power. Filgure 38 indicates the state~of-the-art average available
power for electron tubes at various frequencies. As can be noted, available
pover at frequencies above 8CGHz drops off rapidly. These tubes are now operating
at an efficiency of 35 percent, which 1s close to the ultimate limit of 4O to 45
percent, To increase power substantially beyond that shown, higher operating
voltages are required. This would probably make possible an increase in pover
output by a factor of five.

The powexr from the transmitter tube or tubes has to be conveyed to the antenns
by means of waveguide. Hence, when considering available transmitter power output,
the power handling capacity of the waveguide and its components must be considered
in addition to the transmitter tube. Shown in Figure 38 is the maximum "Theoretical
CW Power" rating of wavegulde as a function of frequency. The curve is based on
a voltage breakdown of 15 kilovolts per centimeter which is the generally assumed
value of 30 kv/cm modified by a safety factor of two.

The plot of Figure 38 applieg to pulse power rather than cw power for two :
reasons; (1) breakdown is a statistical phenomenon and the longer the RF power i
is on the more chance there is of breakdown, and (2) high average on cw power
causes heating and the likelihood of breakdown is enhanced.

Power handling capacity of waveguide may be improved by evacuating or
pressurizing the wavegulde or by using over~-moded waveguldes. For the latter
both rectangular waveguide several wavelengths long and circular waveguide using
the low loss TE., mode have been proposed and tested experimentally but at present

corenit, g W i g T

are not used ino%ny operational system., The difficulty is avoiding higher=-order 0
modes which cause spurious resonances increaging the insertion loss and reducing $
the power handling capacity at certain sharply defined frequencies. It is also ¥
difficult to build components in over-moded waveguides. ;

Ground~Based Millimeter Wave Antennas
A1l types of anternnas presently known may be exploited at millimeter f.e-

antennas are based on geometrical optlcs design, commonly parabolic reflectors, x
Cassegrainian systems and lenses. The cholce is largely a function of the

Ground-based antennas for passive satellite communications have three busic
requirements.: First, the antennass must be highly directive to give maximum per-
formarnce and reduce interference. Secondly, a ground antenna for satellite
communication should have low noise characteristics. As mentioned previously,
receivers, including mesers and parametric amplifiers, are available up to 40 GHz :
but only at considerable expense, both in the initiasl investment and opseration i
and maintenance. However, at the higher millimeter frequencies, componeuts of
high quality are less readily avallable.

The beam of a ground based satellite communication terminal must also be
accurately pointed. This third requirement, as will be shown, poses a severe
problem for millimeter wave antennas. :
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There are several types of antennas potentially applicable but the most
common are parabolic reflectors, horn reflectors and arrays,. Of these para~
holic reflectors uppear to offer the greatest potential and will therefore be
of prime concern in the following paragraphs.

Use of the millimeter spectrum offers the capability of extremely high
gains with relatively small antennas or, using physically large antennas, gains
which previously were not obtainable at the lower microwave frequencies, The
gains achievable with parsbolic reflectors have been dzmonstrated in the fileld
of radio astronomy where they have been used with considerable success. The
design of these antennas differs little from those of the lower microwave region.
With the exception of errors which cause departure from a uniform phase dig=-
tribution across the aperture, there is little in the factors contributing to
inefficlency that would suggest any disadvantage to operating in the millimeter
spectrum. One critical factor is the pointing accuracy achievable., Pointing
errors result from environmental conditions which distort the reflector surface
thereby changing its axis, from improper alignment of the feed system with the
best fit axis of the parabola or from wind and gravity effects on the feed
system,

The loss due to pointing accuracy is shown in Figure 39 and is given in
terms of the angle from the antenna boresight to the half-power beamwidth,
B, It is evident from the figure that the lower the desired gain reduction the
iower must be the ratio  §/B. Stated in anothu» way, the narrower the beam-

- width the greater must be the peinting accuracy to meintain a given directivity

loss. This poses a severe problem for millimeter wave antennas since they are :
capable of narrower beamwidthe for apertures of reasonable size and therefore
must have extremely high pointing accuracles to maxinize performance. Errors
due to pointing accuracies can be minimized as frequency is increased but only
through acdiitional expense.

/1 "Investigetion In and Research .
/i of Aerospace Related Microwave
/’ ’ ffechnology,;" Tinal Report, Moore

S School Report No. 67-20,

2 I V — February 1967, The Moore School
of Elettrical Engineering,

// University of Pennsylvania

/ P 379413 -
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Another constraint imposed on peek gain at millimeter frequencies is
thut due to surface defects., For a given reflector, gain increases as a
function of the frequency squared at the lower frequencies. However, at
hirher frequencles, gain deterlorates as the tolerance effects begin to pre-
dominate and limits the upper frequency at which the antenna is usable.
Maximum gain of an aperture as a function of surface tolerance occurs when

=L n € , where a tolerance loss of 4.3 db with respect to a perfect

ref1&cr , 18 incurred (Ref. 8). At this frequency gain is given by

_ 7 p \°

Here 7] represents all losses except those due to € , the
effective reflector surface tolerance. '

It 1s evident that the frequency range over which the antenna can
operate and the maximum gain possible cen be improved by increasing the
surface precision. While technology is capable of very précise tolerances
the big obstacle is cost. A tradeoff between performance and cost is usually
made. By the Rayleigh criterion, parabolic surface errors of less than )\/32
are desired and generally ackieved (Ref. 9). For Cassegrainian systems,
tolerances must be divided be*ween the reflector and the subreflector and is
usually done proportionallva {Ref, 9)

To realize the surface tolerance given by the Rayleigh criterion, or

any A/a, requires more rigid manufacturing technigues at millimeter wave
frequencies than does a similar tolersance at lower frequencles. Manufacturing
techniques have, however, been devised which make possible the necessary pre-
cision. Machined aluminum castings appear to be the best of the present state
of the art. Tolerances can also be achieved by metal spinning, die casting or
stamping and by liquid spinning techniques. The choice is primarily a function
of cost, volume and reflector size. (Ref. 9) |

Commonly parabolic reflectors are circular with elther a focal-point feed
or Cassegrainian feed system. At millimeter frequencies, the tradeoffs between
the two are the same as at the lower microwave frequencies. The focal point
feed hus a cost advantage in tkat the Cassegrain system requires at least one
additional piece of equipment, the subdish. Additional costs must be entailed
for the more stringent tolerance and fabrication requirements and for careful’
integration of the paraboloid, feed and subdish, which is necessary in a
Cassegrainian feed or sufrer the consequences of poor performance. Those latter
factors influence phase errors which result in peek gain reduction.

On the other hand, a dual reflector eliminates losses whick are inherent in

long transmission lines of focal point reflectors. These losses can be of sig=’-

nificance in large antennas and/or in antennas operating av high frequencies.
In addition, the mechanical stability of the Cassegrainian feed system which
results when the feed is located near the vertex of the parabola, permits
accurate pointing of the anterna. Because of their narrow beamwidths, this is
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important to millimeter wave antennas. In general, the pointing accure¢r, of the
Cassegrainian system is better than the single reflector antenna since the feed
system associated with the latter is wusually heavier.

Gregorian antenna systems may also be used as ground based satellite communi-
cation terminals. Meny of the advantages and disadvantages of the Cassegrainian
system will be evident in the Gregorian system. However, the mechanical problems
of accurate support of the subreflector is more severe on the Gregorian system.

The above discussion tends to indicate that parabolic reflectors are
feasible for ground terminals in a passive system at millimeter wavelengths.
Structural limitations ultimately impose limitations on electrical performance
as higher operating frequencies are used. Where the limit is reached depends
largely on the finances available per dB increase in gain.

Pargbolic reflectors are presently being employed at millimeter fredquencies,
particularly in the field of radio astronomy. Typical of these are the ones
listed in Table XXXVII. For each antenna there is included the surface accuracy,
pointing accuracy and the maximum operating frequency.

Each of these facilities could be used in a passive satellite system but
their degree of usefulness would depend on orbital parameters. For example,
because of slow drive and slew rate capabilities, not all facilities are capable
of tracking a low orbit target. However, these same termingls could be of value
for higher orbit satellites.

Another type of antenna which could be utilized throughout the region of
interest is the horn. Manufacturing precision is no problem and with proper
tapers and exsct flare angles, all types of illumination may be produced. Horns
are free of the shadowing and spillover losses which are problems with parabolic
reflectors. The horn at Andover, Maine had an efficiency of 77 percent. However,
as is evident by this structure and its associated equlpment ‘horns for the
desired purpose are complex and costly. /

Array antennas can, in principal, be designed and con: tructed for any portion
of the frequency and have been proposed for satellite communications at lower
micrcwave freguencies. (Reference 10) They are attractive for the following
reasons: _ -

(1) Their capability to generate many beams simultaneously enables
them to handle many satellites.

(2) Their almost instantaneous handover capabillty.
(3) Thelr design flexihlllty in adgustlng smdelobe levels.
(4) Their growth potential in that additional links may be intro-

duced by adding modular signal processing nétworks to a
common array.
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However, no arrays have as yet been manufactured which have the high gain
capability required by earth-based satellite communication terminals.

Arrays of horns and reflectors are more promising then those of individual
radiators such as dipoles or slots. Arrays using horns havé been exploited at
about 70 GHz (Ref. 10). 1In one system each horn has a block of ferrites in its
aperture and its beam may be electronically shifted. Ferrite phase shifters are
also used In the feed line to each horn radiator. The success of such a system
for the millimeter spectrum will depend on the development of ferrites or other
phase shifting materials.

Relative Performance

The evaluation of a passive system operating at frequencies other than
X band, will be accomplished on the basis of maximum capacity per terminal. To
this end, transmitter power ard receiver noise temperatures which are state-of=-
the~-art and maximize signal-to-noise ratio, are used. The antenna utilized at
the base frequency for the transmit and receive station in the system is the
159-foot reflector. From the standpoint of performance and cost this is the
optimum entenna for this frequency. The previous psragraphs show parabolic re=-
flectors are &lso quite feasible for higher frequencies and as such will be used
herein. To determine optimum gains of these antennas for the 10 to 100 GHz range,
size and surface tolerance are varied in a8 manner similar to that used in select-
ing the base antenna. However, to provide a more meaningful evaluation, the
optimization is achieved at & fixed cost of $11.2 million as determined by the
referenced antenna.

The signal-to-noise ratio at the input of an IF amplifier of a receiving
station in a passive satellite system may be defined as:

2
s _ HG&&H AC

(65)

N 3. |
(b 2)” RET 4 BLoR,
where

‘P, = Transmiter Pover (Watts)

Gt = Gain of the transmitting antenna

Gr = Gain of the receiving antenna

A = Wavelength

O = gSatellite cross=-sectional area &~ ﬂrg, r = radius of curvature of

satellite 3 ‘ '
R = Range from the transmitter to the satellite (meters)

i
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R, = Range from the receiver to the satellite (meters)
k = Boltzman's Constant - 1.38 x 10"23 Joules/°K

Ti = System Nolse Temperature

B = Recelver effective noise bandwidth (r/2)

L = System Loss

T
Rewriting Equation (65)

(0} "ae
B

r
where:
| GG N°
£(A) = LEI (66)
64 = kTi GLy,

are the quantities which are frequency variant. To provide a comparison

between the link capacity at the base frequency and that of other frequencies,

each of these must be examined and their net effect on the signal-to-noise
ratio determined.

For previous calculations at the base frequency, a 159-foot parabolic
reflector was chosen as the ground terminasl. Surface tolerance of the antenna
was *0,057 inches and, by methods explained previously, its cost was $11.2
million. Plotted in Figure 40 is the gain of this antenna as & function of
frequency. The dashed~line is representative of gain as glven by:

¢ osh("D) e'(lm;(” ss R IARE L (g
where |
D = diameter of the antenna (feet)
f = frequency (GHz)
d = tolerance (inches)
and the solid: line, the gain of a perfect parabolic refléctor (1.e. d =0).

While the refgrenced antenna could be used efficiently at lower frequerncies,
to consider 1ts use above 16 GHz would be pointless because of the rapid-
deterioration in gain as the tolerance effects begin to predominate. The

%
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frequency range over which the antenna is usable could, of course, be increased
by increasing surface preclsion. This, however, would require additional cost
and to demonstrate a true improvement in the signal-to-noise ratio, if in fact
such an improvement 1s possible, antenna performance must be improved without
increasing cost. As will be shown, this can be accomplished by decreasing the
antenna diameter and tolerance in the proper ratio to obtain optimum gain as
frequency is varied.

From previous consideration, the basic antenna tolerance and diameter sare
related by the equation*

6

d = 4D°x 10" (68)

Where tolerances are given by equation (68), the relationship between cost and
diameter is *%

¢ = 28.8 D@’b'2 (For antennas with diameters (69)
near 10Q foot or larger)

Decreasing the antenna diameter, therefore, improves surface tolerance.
and decreases cost but at the expense of gain. By departing from the basic
tolerance, gair can however, be improved. Any such departure will affect the
cost as follows:

If d, is the actual antenna tolerance and is related to equation (68) by
the expression:

d = = d = —%— (4 o x 10'6) (70)

" then the total cost becomes

4
7

= (b = 28°8D2'u2 X b

1

Holding the $11.2 million cost of the referenced antenna constant, the relation-
ship between antenna diameter and the tolerance factor, b, for optimum gain, is
found by differentiating ejuation (67) w.r.t. antenna diameter and setting the
result equal to zero. The resulting equation has been found in Appendix F'

to be: ‘

b = 8.94% x 10~ F

6 2
PD GHz

o

*Antennas considered are without radomes
*¥Includes structure and the drives and control

by




Knowing b and D, the optimum gain as a function of frequency may be
found and is plotted in Figure 41l. As may be noted, additional gain over the
referenced antenna can be realized at all frequencies wlth the increase being
more marked at frequencies above 8 GHz.

The gain versus frequency relatlonship plotted in Figure 41 will be used
in determining signal~to-noise ratlos. The other frequency varying factors
involved in equation (66) were discussed in some detail in previous paragra phs.
In general, while substantiasl increases in antenna gain can be realized in the
millimeter range, losses encountered through the atmosphere are greater, system
noigse temperature 1s higher and available transmitter power is less. Below
8 GHz, losses are less than that encountered at the base frequency but so, also,
is antenna gain. The net effect of £( A ) is indicated in Tables XXXVIII and
XXXIX and plotted in Figure 42. Values were determined from equation (66)
using maximum available transmitter powers and wminimum receiver noise tempera-
tures previously obtained. The following additional assumptions were made:

(L) The receiver bandwidth was 500 MHz

(2) Parametric amplifiers in the 2 to 100 GHz frequency band exist
with bandwidth of 500 MHz and gain of 25 db, The crystal
detector has a nominal insertion loss of 6 db. The post .
amplifier has a nominal noilse figure of 3 db. :

(3) The transmitter and receiver operate at approximately 30°
elevation angle.

(4) TFor comparison in a rain environment, the rain rate is 5
5 mm/hr and falls over 12 km of the propagation path. £

(5) For comparison in a fog environment, the fog limits to
250 feet over 6 km of the propagation path.

(6) The transmission line network from the transmitter tube(s)
to antenna ig designed to handle the power produced by the
transmitter tube(s). '

Using the values of £( A ) and knowing the slant ranges to the satellite
(R, R,) and r, the value of the S/N ratio may be obtained from equation (65)
for the assumptions listed above.

From a standpoint of capacity, the above tables indicate that 8 GHz is

the optimum operating frequencies. With specific refevence to the millimeter i
spectrum, the additional antenna gain is mcre than overcome by the increase in I
recelver and external noise, the increase in atmospheric losses and the decrease ’
in available transmitter power. It must be emphasized, however, that this , P
conclusion results only from a consideration of maximum capacity per terminal. E
The spectrum up to 10 GHz is slowly becoming overcrowded and it seems reasonable :
to assume that the time will come when millimeter wave frequencies will be used

for space communications and data links to reduce spectrum crowding. This
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3
? :
g | . ‘ + L) - (dan)
| ¥req , e ,
! ' (Gliz) Clcax _Rain _Tog
o 2 | 2493 249.3  240.3
. 5 .251,8 2517  251.7
i , 8 (Rot) 254,1 . 2563.6  253.6
ol 10 252.7  251.7  251.9
: 15 250.0  247.0  248,5
20 243.5 239,9  243.3
30 | 243.6 231.7 240,.4
40 239.4  222.1 285.5
80 220,6  190,6 . 217.4
100 223.2  178.2 204.3

Table XXXVIIT S/N Ratio Factor, £(A)

f(3f§g)cmf B (numgric)
Freq
(GHz) Clear Rain Fog
2 4,8 4.3 4.3
§ . 2.3 1.9 1.9
8 0 0 0
10 1.4 1.9 1.7
: 15 . 4.1 6.6 © 5.1
o |20 10,6 , 13.7 10.3
30 ~10.5 11,9 13,2
0 | 147 31.5 18.1
80 24.5 ' 63:0 36,2
100 |+ 309  75.4  49.3

Table XXXIX ~ Mormalized Factor £(A)/£(3.75 cm)

in Decibels,
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advantage ¢t reduced spectrum crowding 1s a consequence of the fact that the
band above 10 GHz is largely unused. The problems of interference which are
causing increasing concern in the sharing environment of the lower microwave
bands could, “herefore, be reduced., In addition to freedom from interference,
higher frequercies are promising because of the wide bandwidth capabilities

and secure links which they offer., Therefore, while the analysis has shown xhat
the maximum capacity presently achievable at higher frequencies does not compete
with that achieveble at the base frequency, proper weighting of these other
factors could well show a high desirability for operation above 10 GHz, It is
also possible that, from an economic standpoint, use of shorter wavelengths
would be more efficient. While it is not anticlpated that this will be proven
a fact, the lack of availabllity on antenna and component cost data has made
impossible a full evaluation of this factor,

Considering again the maximum capacity presently achievable at higher
frequencies, it should be pointed out that with improvement in recelver noise
figures and increased transmitter power, the conclusion drawn above might well
be negated. 'This would be particularly true at frequencies in the vicinity of
20 GHz where the atmosphere attenuation reaches a minimum value between the
high absorption regions.

CONCLUSIONS AND RECOMMENDATIONS

Technology Base

The data developed here are believed to be accurate and realistic for the
time period considered.

With regards to the passive satellite inputs to the study, it has been shown
that all passive communication satellite system slements used in the comparison
are feasible for the early 1970's period. The conclusion applies nol only to the
satellite, its associated subsystems and launch vehicle, but, also to the ground

terminals including large antennas, high power transmitters and associated hard-
ware.

The characteristics and costs of the active satellites are based primaxrily
upon Comsat Corporation data. It is believed that the parameters are realistic
and perhaps even optimistic for the time period of interest.

Fconomic and Technical Comparison of Active and Passive
Communication Satellite Systems

P01nt~to~boint Communication System.~ In a great majority of cases passive
systems are either always less expensive (on the basis of annual cost per access)
or become less expensive as the number of accesses is increased. This conclu-
sion may be explained as follows:
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The total cost per access is obtained by dividing the total system cost
by the number of accesses. Active satellites, because of higher ERP (compared
to the maximum possible reflected power of a passive system) would normally
have a larger channel capacity. However, because of intermodulation produced
by hard limiting satellite transponder, a certain amount of radiated power
represents the unwanted intermodulation power. To reduce intermodulation,
the bandwidth of each access must be widened. Since the total transponder
bandwidth is fixed at 500 MHz, such widening implies fewer accesses. Thus,
there are two limitations on the total number of accesses - one due to avail-
able ERP and one due to avallable bandwidth. As a result, an optimization ¥

; procedure described earlier in this report must be employed to maximize the
S number of accesses. The results indicate that when systems become bandwidth
5 limited, the limiting number of sccesses that can be handled by a passive
system is greater than that of an active system. This is due to the fact
that a wider bandwidth per access is required in active systems to keep
intermodulation distortion within prescribed limits.

An active system includes a single satellite in orbit, while n passive

| system includes a passi satellite in orbit and a ground repeater. When

§ the required numiir of ¢ - sses exceeds the capacity of such systems, it can
5 be doubled by orbiting auuther active satellite (in case of an active system) i
or by adding another ground repeater (in case of passive systems. This i
process can be repeated if still more capacity irn desired. 5

. -

In most cases it costs more to double the capacity of the active system
then it does to double the capacity of a passive system. Since the capacity
of one passive system wus in most cases larger than that of an active system,
! the process of further increasing the number of accesses causes the annual
; ~ cost per access of passive systems to decrease at a faster rate than the
| corresponding decrease in the annual cost of the active systems. After a 7
' sufficiently high number of accesses is reached the passive systems annual i
cost per access becomes lower than that of the active systems. The number of :
accesses at which this situation occurs has been estimated and is shown in 3
Table XL. o r
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To illustrate the above for a particular example, consider Figure U43.

%2 This case compares satellite systems with 4 degree beamwidths operating

s between user terminals of the 15-foot diameter variety (ST-2). It can be 3
. observed from this figure that after augmentations, corresponding to about :
ot 50,000 accesses, the passive satellite system becomes more economical on

a cost-per-access bagis than any of the active satellite systems considered.

O : -:; ‘;::A' L
: oA

A similar figure can be drawn for any of the cases listed in Table XL.

: . The results in Table XL also show that on the annual cost-per-access
o ’ basis, active systems are always less expensive when high satellite ERP is
: required per access., The reason is that because of the limitation on the
ERP of the ground repeater, the maximium total power which is reflected
towards earth by the passive satellite is synchronous orbit is .always lower
than that of active satellites. Table XLI shows the differences.




; Table XLI
; APPROXIVMATY, NUMBER OF CHANNELS AT WHICH A PASSIVE SATELLITE SYSTEM
BECOMES MORE FCONOMICAL (AN ANMUAL COST FER ACCESS)
THAN AN ACTIVE SATELLITE
Approximato‘ .
| no. of channels , *
Ground | at whicli the Repeater |
coverage | pass, sat. sys, Typo of Antenna Number of
v (beamwidth) | becomes more satellite P | @ stations
1 | User Station (dggrees) | economical required (£t.) = dB required
" | sr-1 1%(city) 45,000 A-325 ft. 159 59 4
| (6 £t ant.,) * | 2 (state) 1 'SAT 2 3 '
| . 4 (time zone) | Act. systems SAT 4
: ' 8 (U, 8.)  are always SAT 4
o - |16 (1/3 earth)w cheaper SAT 4
| sT-2 .| 1 Pass. sat. always cheaper | B-137 ft. 89 65 1
(s gt ant) | 2 © | 50,000 A-325 ft. 159 69 3
D 4 50,000 A-325 ft, 159 69 3
» 8 Act. sat, are SAT 2
e 16 } always cheaper .| SAT 2.
1| s1-3 1 | Pass. sat. B-97 63 62 1
- 1] (30 £t, ant,) | 2 always cheaper B-137 89 65 1
g 4 67,000 A-325 159 69, 4
e 8 120,000 A-325 159 69 9
= i6 } Act. sat. always | o . 5
. cheaper
i; ; 1 i i
| sT-4 1 Passive B-61 ft. . 40 58 1
1| (60 £t, ant.) | 2 } satellite always | B-87 ft. 56 61 1
i 4 cheaper B-123 ft, 80 64 1.
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Table XLI. Ratio of ERP from Active Satellites to
Maximum Reflected Power of Passive
Systems (dB)

Active Satellite dB Above Passive
SAT-1 5
SAT-2 | 16
SAT-3 19
SAT-4 20

Thus, in this case, a larger number of accesses can always be obtained with
active systems. :

In general, however, it can be concluded from the results of the comparison
on point-to-point communications systems that passive satellite systems may
become competitive with active systems on the annual cost-per-access basis in
certain situations.

It should be pointed out that the above comparison was based on a passive
system employing a large central relay term’nal. When large user terminals and
narrow beamwidth satellites are considered the relay terminal is not required.
This type of system would become cost competitive at fewer accesses and would
avoid the potential problems of time delay and echo associated with the double
hop. It is conceivable, however, that a relay terminal could still be desirable
from the viewpoint of coverage area due to the reflection geometry considera-
tions associated with the passive satellite.

TV Broadcast System. - In all cases studied, it is always possible to pro-
vide an active satellite TV-distribution system at an annual cost smaller than
the comparative cost of a passive system provided that there is no limitation
(due to international regulations) on the total power which can be. radiated from
space. This results for two reasons:

(1) The active satellite uses one transponder per TV channel and thus
there are no intermodulation problems :

(2) The maximum communication capacity considered is small (relative to
the voice mission considered) and requires only a single active
satellite. :

General. - In general it can be seen that the larger the total communica-
tion traffic, whether it be voice, TV, TTY, etc., or any combination of these,
using the satellite system (passive or active) the more attractive on an
economic basis the passive system becomes.
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Operational Congiderations of Active and Passive
Communication Satellite Systems

The operational differences between active and passive satellite
systems can generally be grouped under the following categories:

(1) System Flexibility

(2) Traffic Control

(3) Interference

(4) Spectrum Utilization

{5) Coverage Areas

(6) Time Delay

(7) Jamming

System Flexibility. - Once designed, the active satellite is constrained
to operate with a particular type of communication traffic. It cannot accommo-
date a large change in frequency, modulation, power level, etc. Additionally,

it must operate with all user terminals of approximately the sama size, since
large signal levels can completely mask smaller signals.

To the contrary, the passive satellite is not constrained by the type of
traffic, its amount, its power level, ite frequency, etc. The passive satellite
itself can accommodate many frequencies from various size user terminals,
employing a variety of modulation techniques. The system or systems can be
changed or added virtually at will since the satellite itself offers no con-
straint.

Traffic Control. - One type of passive system considered herein employs
a repeater station located on the ground. This repeater station provides
inherent capability for switching to control and route traffic. For the
active satellite to-duplicate this it must most probably assume a similar relay
or control station, since the art of sw*tchlng many circuits in space is not
yet fea81ble.

. Interference. - Since the large repeater station considered, transmitted
in most cases very high power levels, it would be necessary for the passive =
system to judiciously site agnd shield this station to avoid interference to
terrestrial services. The active systems considered have this problem to a
much less extent. ‘ ' :

However, on tﬁs downlink, the active system considered, in general,
radiates a much higher ERP. In fact ERP consmdered in this study for the
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largely unused. The problems of interference which are causing increasing

active satellite exceeds in most cases, the present CCIR recommendations. The
passive satellites reflect a lower ERP and do not violate the CCIR recommendations.

Spectrum Utilization. - Because of the intereference problem, the spectrum
utilization of the passive system is believed to be the worst. However, if a
double hop system were not considered the passive system can utilize any allocated
bandwidth more than twice as effectively, on a number of circuit basis, when
compusnd to the active satellite system. This results because of the hard-
limiting characteristic of the active satellite and because it requires a fre-
quency translation for any complete circuit,

Coverage Areas. - The passive satellite is a Snell's law reflector. There-
fore, the direction of any reflected wave is determined by the satellite
orientation and the location of the ground transmitter. The active satellite
can, however, redirect a wave into any location, dependent only on the downlink
antenna orientation regardless of the direction to the ground transmitter. As
a corollary of course, the active satellite is limited to relay into only one
area at any given time, while the passive satellite can simultaneously relay
traffic into many different areas. The result is a difference in the number
of satellites required to support a system strictly on the basis of geometry.

Time Delay. - When the passive system employs a double hop with repeater
station, the problems of signal and echo time delay become nearly twice as bed
as the equivalent active satellite systemn,

Jamming. =~ Since the passive system is linear and any jamming signal must
undergo twice the space loss normally congidered, it requires much larger power
levels over large bandwidths to effectively jam a passive gsatellite system than
to jam an active system., Additionally, due to the reflection characteristics
of the passive satellite, the "jammer" must be properly located with respect to
the satellite; as opposed to the active system where the jammer's location is
generally not important.

Anélysis of the Relative Performance of a Passive Satellite System
Operating at Trequencies above X-Band

.. It has been shown that from a standpoint of capacity, 8 GHz is the optimum
operating frequency. With specific reference to the millimeter spectrum, the
additional antenna gain is more than overcome by the increase in receiver and
external noise, the increase in atmospheric losses and the decrease in available
transmitter power. It must be emphasized, however, that this conclusion results
only from a consideration of maximum capacity per terminal. The spectrum up to
10 GHz is slowly becoming overcrowded and it seems reasonable to assume that the
time will come when millimeter wave frequencies will be used for space communica-
tions and data links to reduce spectrum crowding. This advantage of reduced ,
spectrum crowding is a consequence of the fact that the band above 10 GHz is i
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concern in the sharing environment of the lower microwave bands could,
therefore, be reduced. In addition to freedom from interference, higher
frequencies are promising because of the wide bandwidth capabilities and
secure links which they offer, Therefore, while the analysis has shown
that the maximum capacity presently achievable at higher frequencies does
not compete with that achievable at the base frequency, proper weighting
of these other factors could well show a high desirability for operastion
above 10 GHz. It is also possible that, from an economic standpoint, use
of shorter wavelengths would be more efficient. While it is not anticipated
that this will be proven a fact, the lack of availability on antenna and
component cost data has made impossible a full evaluation of this factor.

Considering again the maximum capacity presently achievable at higher
frequencies, it should be pointed out that the improvement in receiver
noise figures and increased transmitter power, the conclusion drawn above
might well be negated. This would be particularly true st frequencies in
the vieinity of 30 GHz where the atmosphere attenuation reaches a minimum
value between the high absorption regions.
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