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1.0  Introduction

1.1 Scope - This is a final report of the work performed by LMSC under
NASA Contract NAS 1-10839 under ‘the cognlzance of Langley Research Center,“;
Hampton, Virginia 23365

‘The general obaectives of thls study were to extend earlier work by LMSC
to develop. directive multibeam reflector antennas for synchronous communi-v-

cation satellites.

The specific tasks were:

(1)  Analyze patterns for domestic coverage of
(a) The four continental United States time zones
(b) A 51ngle«beam for the continental United States
(¢) Alaska | .
() Hawaii
(e) Caribbean Territories. . .
(2)  Develop Conceptual Designs from the ‘Analyses in (1) above.
(3) Design Feeds and Feed Systems to satisfy the requirements.
(4) Fabricate and test the feeds and the feed distribution system
(5). Measure patterns of these feeds in a parabaloidal reflector.

This study was started in June 1971, originally scheduled for completion.in
May 1972, and as a consequence of a technical re-direction, actually complet-
ed in July 1972. o

1.2 Summgry - Using a'computer program which plots beams from antennas
located on synchronous satellites onto the earth's surface, several circular
and elliptical reflectors_were analyzed for pattern coverage. The reflec-

tors considered were:
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(1) 9.9 ft. diameter circular paraboloic

(2) 9.9 ft. by 5.8 ft. diameter elliptical reflector

(3) 9.9 ft. by 14 ft. diameter elliptical reflector

(4) 20 ft. diameter circular paraboloid

(5) 30 ft. diameter circular paraboloid

(6) Multiple 20 ft. and 30 ft. diameter circular paraboloids.

An analysis was performed at a frequency of 4 GHz for these candidate systems
using the Kepner-Tregoe Associates (KTA) method of decision meking., A final
fanking showed the 9.9 ft. by 5.8 ft. diameter ellipticél reflector to be the
most promising candidate for the ﬁeasurement portion of the study; the 9.9 ft.
by 14 ft. diameterkéliiptical reflector a close second and next; fhe 30 ft. -
diameter-ciréular-pafaboloid. A test program was set up whereby one feflec-

tor could be used to evaluate the two most promising candidate systems.

In late November 1971, IMSC waé directed to evaluaﬁe the 30-foot reflector
approach and to synthesize experimentally the U. S. Eastern Time Zone beam.
While ILMSC's original choice of the smaller reflector had been based on an
¥operational¥compromise among such factors as coverage performance, weight
and complexity, the re~-direction ﬁés based on the.belief that the potentially
superior coverage performance obtainable with the 30-foot system made it a

more appropriate candidate for study in tne program.

Thus, a 12 foot diameter paraboloid with 8 feeds was tested at 10 GHz (a 2/5
scale of g 4 GHz 30 foot reflector). A special dielectrically loaded feed
was developed to achieve the proper spatial positioning of the feeds. Sec~-
ondary patterns were measured of the composite feed sysfem with each feed

having equal phase and amplitude. Pattern contours were made from the pat-

_terns and were overlaid onto the Eastern Time Zoﬂe.»

2.0 CONCEPTUAL DESIGN .

2.1 Coverage Anglysig - An existing IMSC computer program was updated to
include the ability to sum individual antenna beams aud form a composite
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beam on the earth's surface from a synchronous'satellite. The program uses

an analytical expression for the far field pattern which is given by:
| E=Ki.Al‘(w)+K2 Az (¢)
where K1 and K2 are constants. _
 y=(wp/A) Sine
YD apertﬁre-diameter_.-
| X = Wavelength

@ = polar angle »
and the function (‘A ) Lambda is defined as

Ay = 2P (p 1) Ip (¥)

where Jp (¢ ) is a Bessel function of the first kind and order p

In addition to inputting_the.pattern'paraﬁeters, the program also requires

the following inputs:

(a) Sateklite Location (Longitude)
(b) Reflector aim point (Latitude and Longitude)
(¢) Earth area to be plotted

(latitude maximum and minimum)
(longtitude maximum and minimum)

(d) Number of pattern conteurs to be plotted
(e) db levels of pattern contours

The computer plots the intersections'of cones (corresponding to constant

dB levels on an antenna pattern) with the spherical earth and then over~plots
the geographical boundaries. Where the horizon falls within the portion of
the earth displayed on each plot, the horizon is also plotted. |

2.2  Satellite Locatdon

The program was first utilized to evaluate several satellite locations to
select that position which would provide the optimmm coverage to all the geo-
graphical areas required. To do: this, the reflector diameter was set to

3
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10 ft. and the operating frequency to 9 GHz. Figure 1 through 5 show the
contiguous 48 states as viewed from five satellite positions from west to

east.:

The..north-south line appearing on Fig. 1 and Fig. 5 is the horizon line.
Fig. 1 shows that the Caribbean area, the Eaétenltiie zoné and part of the
Central time zone cannot be covered from a satellite position of 170°W.
Thus, the 170°W satellite station cannot be:used for thé intended applica-
tion. Fig. 1 does indicate, however, that the_desiréd eastern covérage
could be obtained from satellite positions 30 degrees eastward of the 170°
position —-- that is, at 140°W longtitude. |

Fig. 5 indicates that Alaska, Hawaii and the Pacific time zone cannot be

covered from the eastem most satellite position. The major Hawaiian Islands

lie eastward of 160°W and could be covered by satellite position 40 dégrees

west of 40°W —- that is, at 80°W. This can be confirmed by Fig. 6 which

shows the principal iglands jlist on or beyond. thelprizon for a satellite po- ‘
sitioh aﬁ 75°W. Including all the lesser islands of the Haﬁaiianigroup (out

to Midway and‘Kure) would require another 20° westward:shift, placing the
satellite position at 100°W. | |

The Alaskan problem is illusﬁrated in Fig. 7 and 8. Fig. 7 indicates that
Maskan coverage could not be obtained by a satellite position of 75°W. At
least 30° westward shift of the satellite would be required to cover Alaska.
Fig. 8 indicates the effect of a 19° westward shift. Thus, Alaska (except
for some of the Aleutian islands) cduld-be:covered by a satellite position’
west of about 105°W. |

Thus, at this point the following éonclusions were reached:

1. The.satellife position of 94°W provides good coverage of the-contigﬁous;
48 states, the major and many of the smaller island of the Hawaiian group,
the major portion of Alaska, and the Caribbean.

2. = A satellite position of about 105° shouldiinclude all areas of inter-
est (except for the Aleutian chain) and is the easternmost satellite position. - .

L
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which would.

3, Satellite positions west of about 140° will not provide covem ge of the.

eastern areas of interest.

4. Of the five satellite positions previously considered, only'the'pqsitioh
at 122°W satisfies requirements, although the one at 94°W is close.

The coverage plots for the 122°W satellite position are presented in Fig. 9
through Fig. 15. In Eig. 9,.cohsiderable'elongation of the beam will Bé noted.
- The contour line marked "1 indicates the half power contour of a 9 GHz 10 ft.
réflector. There are several ways that the coveragé of Alaska can be optimiz-
ed. This takes advantage of the elongation to cover the more remote northern
‘:regions. A second ﬁethod would be to redice the aperture size by not quite

'2:1 and reposition the beam for optimum covérage.

Caribbean coverage is shown in Fig. 10. There is a moderate amount of elong-
- ation to this beam. Some repositioning of the beam and a reduction of about

2:1 in aperture diameter would impréve coverage.

Fig. 11 indicates adequate or nearly optimum coverage of the principal islands
of the Hawaiian group. A reduction in aperture by a factor of 2:1 or the addi-
tionof a second beam would permit coverage of the smaller islands in the group.:

Coverage of the Eastenltime zone is shown in Fig. 12. The oblique skewing of
the beam is.beneficiai in that it almost conforms to the general shape of the
Atlantic coastlihe._ Moving the sateilite'somewhat eastward would impfove the
conformance tothe area of interest. Movement to 94°w makes the axis of elong-
ation gppropriate but reduces the amount of elongation at thé same time. Some
satellite position between these two shouid be the basis for an appropriate
design. Reduction in aperture by a factor of 2:1 would improve coverage, but
it is hard to determine from this figare if it would be adequate. The bean

in the figure is pointed toward Washington D. C., and some repositioning would

obviously be required.
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Central time zone coverage is shown in Fig. 13. The beam is sbout half as
wide in the east-west direction as is required. Reduction in aperture by a
factor of 2:1 or a combination of several beams is indicated here also. The
same general remarks can be made about Mountain zone coverage shown in Fig.

14 and the Pacific zone coverage shown in Fié. 15. The Eastern time zone is
the only time zone in which there is pronounced elongation of the beam and in-
dications are that this can be used to advantage. At worst, the elongation
will spill over into the ocean and cause no interference with foreign coun-

tries.
In all of the above cases, two approaches oould be used to improve coverage:

1. Reduce the aperture by 2:1 and repositlon the beams.

2. Maintain the same aperture and form a compos1te beam from gseveral
feeds.

Fortunately, techniques applicable. to one coverage"area provide improvement
~in all other areas as well. The aperture reduction method will cause a-por-
tion of the Alaskan beam to radiate past the earth but should not, if proper-

ly positioned, cause appreciable radiation into foreign countries.

2.3 Candidate Approaches
0.

At this p01nt there was an obvious need for a first cut at the design
concept to determine & general impression regardlng fea31bility, size,and
problem areas. Accordingly, a preliminary analysis u31ng approximate calcu-

lations of varlous geometrical parameters was undertaken.

As can be seen from Fig. 16, the approximate beamwidth required to cover a
band of latitudes on the earth's surface can be calculated from

tan ¥, = o~ SiN Ta, : @
(k+A.)-JLCOS Tz '
tan?, = N Sinv Ty (2)
(h+a) < n Cos T, | |
Y= K=Y, - | (3)
-6
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where h is 19370 nm and where r is 3440 nm. From these equations the basic
beamwidth required for coverage between latitudes 49°N and 25°N is about 3°.
This‘corresponds to a minimum aperture of 2.6 feet at 9 GHz or of 5.8 feet
at 4 GHz. ' |

The geographical positions of the apprbximate centers of the insular Carri-
bbean area and. the non-contiguous states of Alaska and Hawaii are approxi-

mately as follows:.

Place Latitude Longitude
Anchorage 150°W 61°N
Honolulu 158°W 21°N
Puerto Rico - 67% 118°N
Salt Lake City 112% L1°N

The position of Salt Lake City is given since it is approximately:centrally
located with respect to the three non-contiguous areas and is only‘about-one
time zone away from the geographical center of the contiguous 48 states.
_Whérever the satellite is positioned, the nominal main axis of the refleétor

. should point toward Salt Lake City to make the offset required for coverage of
the eastern and western extremes symmetrical, thereby minimizing degradations
due to lateral offset of the feeds from the main axis of the paraboloid. If
the satellite position is chosen to be at the iongitudinal’coordinate of Salt
Lake City -- that is, at 112°W, the satellite position falls within the limits
of_105°W to 1400W determined above on the basis of ability to view'all areas
of interest and is toward the eastern end of the range to provide preferential
treatment of the contiguous 48 states. iThus, 112°W is the tentative choice of
satellite position and Salt Lake City is the tentative choice for boresight

reference of the complete antenna system.

Approximate great circle distances for various points of_ihtérest are

‘Salt Lake City to Honolulu ~ 2600 nn |

Salt Leke City to Anchorage ' 1850 nm

Salt Lake City to Puerto Rico , 2700 nm
1
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Salt Lake City to Maine S 2000 nm.
San Francisco to Maine : ' 2500 nm

"“Thus beam offset to Honolulu and to Puerto Rico will be approximately equal
if the satellite is located at the longitude of Salt Lake City.

-A quick calcuation of the beamwidth required in the east-west direction to
cover the contlguous 48 states with four beams can be obtalned from

: -7 (&S00

8 ~/ tan ( £220)

o <}i§
where R is the arithmetic mean of Rl and 32 of Fig. 16. ﬁ_is approximately
20,215 nm which gives an east-west beamwidth of about 1.77° for each of the
four beams. This corresponds to a 4.4 foot reflector at 9 GHz or a 9.9 foot
reflector at 4 GHz. The beam aspect ratio is 3/1.77 = 1.7. This aspect ratio
_should be readily obtainable in an oval segment of a paraboloidal refelctor.

v'Thus, if we shape the reflector to provide the approximate oval beam contours

. necessary for the four time zones, the reflector would be 2.6 by 4.4 feet at
9 GHz and 5.8 by 9.9 feet at 4 GHz. This (in particular, the east west dimen-

sion) is compatlble with the 2:1 reductlon in aperture predlcted by examining
the contour plots in the prev1ous section. The use of any larger aperture w1ll

require the appl;catlcn of beam shaping techniques to broaden these beams or

the combination of several beais to form a composite beam for each time zone.

The angle between Salt Lake City and a point 112°W and 61°N is about 1.72°
(from Egs. 1 through 3). Anchorage is west of this point by about 1100 miles
which corresponds to less than 3 when vrewed from the satellite. The offset
of Anchorage from Salt Lake City is at ieast 1.72° but not more than about 3.50.
Thus, Anchorage will be offset by about 2 beamwidths corresponding to the maximum
dimension of the reflector. This will not lead to serious pattern degradation. |
If a larger aperture is used and the beams are formed by adding several beams
together, the offset will be proportionately larger in terms of beamwidths and

may lead to some degradation for apertures more than twice the minimum size.
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Honolulu and Puerto Rico both aré about 2600 nm from Salt Lake City. Each
will require an offset of abouf»A beamwidths (corresponding to the maximum
dimension of the reflector). Increasing the aperture of the antenna in the _
east west direction will increase the riumber of beamwidths offset to cover
these two outlying areas. Doubling the aperture would require -8 beamwidths
offset and,might lead to pattern degredations. Since these are predominent-
ly ocean areas, the pattern degradatiohs might be tolerable. The degradatlons
can be minimized. by u31ng a long focal length reflector, but this causes prob-
lems in obtaining the proper 1llum1nat10n of the reflector in the north-south
dlrectlon. S i '

The first approach then is to use a reflector hav1ng the . minlmum d1mens1ons
given above, since for these dimensions the various beam offsets measured in .
terms of beamwidths will be minimized and the patterns 1mproved. The second

" “approach- would~be~%o~have‘a~01rcularly symmetrlc paraboloid having a dismeter :
equal to the minimum required in the east-west dlrectlon (that i lS, hod, Téet ™ "
at 9 GHz or 9.9 feet at 4 GHz) Proper shaping of the m ttern for north-

south coverage could be obtained in several ways for the latter case. The

- i e i e e

third candldate system would employ a larger aperture and would rely on beam

combinations or beam shaping techniques to provide the area coverage.

It is probable that the second or third candidate system will prove tovbe the
choice. The first candidate, the use of an oval segment of a paraboloid of .
miﬁimum dimensions, is the simplest. The approech‘will be to evaluate-this

system first»to~determine what deficiencles exist. This, in turn, wiil lead.

to more complex systems.

One of the most important problems to deal with is the matter of orossover

level for the time zone coverage‘beams. Ordinarily one ettempts to obtain a

crossover level of -3 dB between adjacent " beams, but there are arguments in

favor of a crossover level of about -4 dB. With the minimum east-west aperture
 dimensions given above (4.4 feet for 9 GHz-and 9.9 feet for 4 GHz), the half-

~ power beamwidths in the east west direction are about 1.77 degrees and the S
beams are offset from each oﬁher by this amount resulting in a -3 dB crossover. ‘

9
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For reflectors with F/D ratios of the order of 4 to .5, the physical
separation required to produce a given beam separation is given approximately
by . . . , S

S = R tan o
m

where Rﬁ'is the mean radius ff;m thé focal point to tneAreflectbr and 0 is
the separation of beam maxima desired. For the 4t GHz case (9.9 foot reflector)'
this separation is about 1.75 inches or a little over a»ha1f4wavelengfh. _The
problem with this is that the cast-west aperture dimension*.of the feed  1is
physically restricted to less than this separation, resulting'in a limitation
on the control available over the primary illumination of the reflector and
also that suéh close spacing leads to high interaction between the feeds.
Using & -4 dB crossover would require a slightly larger east~west reflector

- dimension‘ahd would result in a proportionately largef physical sepérafidn

of the feeds to obtain the same angular beam separation. Thié would tend to
reduce the_aforementioned problems tofa degree. While a -3 dB crossover
level would require a 0.6 Wavelength separation, the lower croséovér would
increase the separation td about 0.7 wavelength. An additional advantége |

of the 1owef crossover isxthét it-is.approximatély the proper value (-3.93 dB)
for_syntheéis of thé broad éoverage requiréd for the éontiguous L8 states -
employingftné Woodward ﬁefhbd of synthesis (aé for exam?le in_a Butler array
system). The disadvantage, in addition to the obvious one of lower coverage
at the edges of time zones, is that the offsets required will be slightly

4 larger in terms3of'beamwidths resulting in more degradation with offset.

This should not bé a serious problem.

A couple of -options were considered:

One is to provide a polarization diversity capability in the four time zones.
If the Pacific and Central time zones have a cammon polarization and the

Eastern and Mountain zones have the camplementary polarization, maximum

isolation between the adjacent time zones wiil be obtained, but there may be

10
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problems in combining the four beams to obtain Continental coverage. Thus,
it may be necessary to have the polarization for two of the zones selectable.
The use of complementary polarizations on adjacent feeds also helps reduce

mutual interaction between feeds.

A second option considered is the possibility of providing a tracking capa-

' bility on the Continental coverage beam. This would permit the satellite

user to obtain a periodic update'of pointing coordinas es by switching into
the tracking mode and aligning the antenna system with a known beacon on the

ground.

. PR

To summarize, three candidate approaches were selected, namely:

1. An oval reflector having minimum east-west and minimum north-south -

- aperture dimensions.

2. A circularly symmetric reflector having a diameter equal to the

minimum east-west dimension.

3. A larger reflector.

A preliminary conceptual design for an antenna system which repfesents

sanetning between the first and second classes above (since the north-south

dimension is larger than'minimum) has evolved.

11
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2.h_ Candidate Evaluation .

2.4.1 General

Based on the preceding'analysis, earth contours for the following'cases

were evaluated.

E-W Dimension N-S Dimension Reflector Shape Frequency

(£¢) - (£8) N (GHz)
9.9 9.9 Circular Paraboloid l
9.9 5.8 -  Ellipitical Paraboloid 4
R L.y CircﬁlarAParaboloid _ -9

9

h.L . 2.6 Ellipitical Paraboloid

Naturally, it will be recognized that the latter two cases are scaled versiohs

of the first two. Runs were made at U GHz for the first two cases but areb-
appliCable for the 9 GHz cases as well. To improve‘clarity, only the -3 and
-l dB contours were plotted except for some cases where the -30 dB contour '

-was also 1ncluded

It was considered desirable to present all four time zene contours on a
single map of the United States. Some difficulty was'experieneed Wiﬁh the
plotter in attewpting to do this, and rather than waste time in debugging
the program to provide this capability, the plots were superlmposed by hand.

The international boundaries of the United States with Canada and Mexico
have been added;td the figﬁres;’ For the cases depicting fime'zone covérage
within the contiguous 48 states,~the time zone boundaries have been added.
The time zone.boundaries are rather complex and perhaps are subject to some
chdnge by local option. Therefore, a compromise was made by selecting
appropriate representétive boundaries along the most_éuitable line of

longitude. These are:

Bastern-Central Boundary 86%W

Central-Mountain Boundary 102%

Mountain-Pacific Boundary - 1159
i2
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" New reference boresiglri_ﬁposition's were selected for each of the time zones.
These - are: ‘ '
Eastern - ; 36°N, 82%
; S o %
Central _ : 36N, 96
' Mountain . 36°N, 108%
Pacific ) 36°N, 120%

Boresight‘positions for Alaska, Hawaii, andAthe Carribbean srea will be dis=-

cussed later on.

2.4.2 Time Zone Coverage

The coverage obtained with a ciroularfparaboloid 9.9 feet in dismeter-at

4 GHz is shown in Fig. 17. Contours 1 indicate tue -3 dB lefel and‘contours

2 indicate the -4 3B level. The boresight positions are also marked. '
‘ ~ Several observations can be made fram Fig. 17. First of all, the 9.9 foot
dimension is approx1mately correctfor eastawest coverage of the time zones.
The east-west dimension of the beam is too broad for the Pacific and the
Eastern tlme zones, approx1mately correct for the Mountaln zone, and
slightly too narrow for the Central zone. Slnce any change in aperture
dimension would affect all beams, the 9.9 foot dimension seems to be a

reasonable compromise at this stage of the design.

The bores1ght positions should be adjusted to improve coverage, but evenih.'w
so, camplete coverage would not be obtalned w1th the 01rcular parab0101d.- )
To optlmlze coverage with the circular aperture, the Eastern time Zzone
boresight should be moved eastward and northward, and the other three bore-
sight positions should all be moved northward. .With this adjustment the
coverage should be centralized within each zone but large pockets of de-

graded signai level would result.

13
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The alternative is to readjust the boresights and use two or more.beamé to
cover each time zoné. For example, the boresights for the Central, Mountain
and Pacific zones could be readjusted southward to accommodate a second beam
to the north in each case. Coverage in each of these zones would then be
obtained by summing appropriate pairs'of beams. The obvious disadvantage

of this approach is that spillover into Canada and Mexico would be increased.
This in turn indicates than an increase in the north-south aperture diﬂeﬁsion
would be required to feduce spillover for the paired beam concept. ‘Thus, we

evolve fram the circular aperture case to the elliptical aperture case.

The Eastern time zone is a,special and very difficulﬁ problem.  Here it seems
that an increase in the "north-south" dimension would be required and possibly
three beams would have to be used to obtain even the crudest approximation

to the geographical shape without high spillover.

Since the results of the circular éperture case lead to‘an elliptical aperture
concept because of incamplete north-south coverage,rthe next stép is. to con=~
sider elliptical apertﬁres. But instead of inéreasing the north-south
'aperture so as to use two beams to form each time -zdne beam, the ndrth-south
dimension will be decreased (the second case listed abbve) to spread the
radiation of a single beam in the north-south direétion. The results are.

shown in Fig. 18.

The coverage of’the four time zones shown in.Fig..lS ié éuite good, con-
‘sidering the simplicity of theAappruach used; The Pacific, Moﬁntain.and
'Central'timé_zones would benefit by a slight northward adjustment of the
boresight posifibn; but at the same time this would increaée thé-spillover'
into the southern part of Canada. The boresight of the Eastern time zone
béam should be moved slightly eastward to improve isolation between the
Central and Eastern coverages, but this tendé to degrade radiation into the |

"state of Michigan.

1k
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The crOss-over levels betneen adjacent time-zone coverage patterns is at

"~ gbout the -3 to -4 dB level. The first nulls of each beam would occur same-
where in the vicinity of the boresight positions of adjacent beams. As an
example, the main beam of the Mountain time zone coverage beam would extend
fram the boresight of the Pacific time zone to the baresight of the Central
time zone approximateLy. Conversely, the reception in the western half of
the Mountain time zone would be affected by main beam skirt radiation,of
the Pac1f1c zone and first side lobe radiation of the Central zone pattern,
and so on. It is clear that adequate isolatlon can be obtained between

adjacent time zones for this case only by frequency or polarlzatlon diversity.

-Thns, it can be concluded that a reasonable approximation of time zone coVerage
can be obtained with the elliptical segment of a paraboloid of the dimensions
selected. Polarlzatlon or frequency d1vers1ty must be used to isolate the

adjacent areas

Spillover into Canada and Mexico will be‘relatively high compared to mere
sophisticated approaches which might be considered. The basic advantage

of the approach Just con51dered is its relative 51mp11c1ty.

2.&.3 Coverage of the Contiguous 48 States - o , :

Coverage maps for combining the four time zone coverage beams into a single
beam for servicing the entire contiguous L8 states are shown in Fig. 19

for the circular aperture’and Fig. 20 fer the elliptical apefture. These
diagrams are obtained by summing the four beams, assuming they are in phase,
of equal weighing, and.have'identical polarizations. Thus; a composite .

uniformly polarized beam is obtained.
" As can be seen from Fig. 19, the coverage resnlting fram tne circular
aperture is incomplete, particularly in the western part of the United

States, and the same comments that apply to improving the norta-suuth

‘coverage for Fig. 17 wwld apply here also.
15
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The coverage resulting fram the elliptical aperture case is shown in Fig. 20.
There is significant radiation into Canada and Mexico, as can be seen, and
this extends beyond the nominal half-power boundaries of the individual beams.
The slight dumbbell shape is due to the fact that the western palr and the
eastern palr of beams have hlgher crossovers than the central palr. The :

- "fill-in" beyond the individual beams results fram the fact that radiation

at intermediate points between beams is the result of;contfibutions from at
least two beams. Note that the east and west boundaries of the camposite
beams afe approximately the same as the boundaries of the appropriate in-
dividual beams because along these boundarles the other 1nd1v1dual beanms

contribute only s1de lobe radiation.

The question of polarization for the U.S. coverage beam requires some care=-
ful conSideratioﬁ. Heretofore, we have considered it essential +to have a
uniformly pqla:ized U.S. coverage beam. To providethis when pblarizatioh

diversity is used to assure isolation between the coverages of individua.l_ , ‘

"time zones, it has been neceséary.to consider feeds which have a dual
polarization capability. Further consideration indiéates.this is not .thne.
approach that should be uéed if we chose to form the camposite beam from
the. time zone coverage beams‘(rather than providing the U.S. beam on a

separate antenna).

First, consider the operationsl use of the'ccmposite beam. This beam

would be used when it is necessafy to transmit simultaneously to all

parts of the cvntiguoﬁs‘h8 states. If the polarization of the ccmPOsite
beam were,-for example, nortthouth linear, the users in the two time zones
which utilized east-west 1inedr for time ione éovefage.would ha&e to switch -
v to the alternate polarization or re-orient their'antenhas to receiVe the
composite-beam. This réquires thaf the user either know whether the pro-
gram 1nformat10n is ba_ng transmitted on the composite or the time zone

beam or thatrhe monitor both polarlzations continuously. We are assumlng _
matched polarizations at the ground stations for maximum signal receptlon.‘

The same arguments would also apply to the use of complementary circular . I .

polarizations for the four time zone beams.

16
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It seems highly desirable to be able to fransmit either on tne time zone
beams or the ccmpesite beam to a ground user without his having to know which
is being used or having tolmeke any adjustments. ' If we make the f our time
zohe beams and the composite beam all co-polarized, then frequehcy diversity

must be used to separate the signals in adjacent time zones.

:Consider"the alternative. If alternate time zone beams are co-polarized and

- adjacent beams are cross-polarized,; tne adjacent beams are isolated and tne

composite'coverage can be obtained simply by feeding a single transmitter
through a four-way power splitting network to the four time-zone coverage
ports on the antenna. The user on the ground will receive the same signal
level as\he would if the same transmitter were connected to the time-zone

beam approprlate to his area, except for the -6 dB that results from the

~.
power splitting network (to first order). .Near the boundaries of each time

zone the contributions‘bf_the two adjacent beams will add in space qUadreture
and tend to make the polarization oblique with respect to the north-south

or eastewestvdirections. Users near the boundaries could maximize thé sig-

:nal by adjusting pblarization3 but if they did not, they would be only 6 dB

lower in'receivedxsignal for the same transmitted power. Thus, the formation
of the comp051te beam from four time zone coverage beams wnth two orthogonal
"polarizations prov1des isolation for adJacent time zone coverages to maximize

frequency reuse and makes the user more independent of the satellite.

There is one further advantege. Because the fields from two adjacent beams
will add in space'quadiature on the ground instead of directly, the fill-in
beyond the bounds of the iﬂdividual beams should be less than in the case
where the beams are co-polarized. The coverage disgrams for the camposite

beams have not as yet been calculated on this basis.

2.4.4 Hawaiian Coverage

For the simplest and most direct approach to approximating the required
time zone coverage, the elliptical aperture paraboloid seems appropriate.
It is important to investigate the effect of going to the elliptical aperture

on other beams.

17
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The boresight position for the Hawaiianvbeamvpreviously used was considered
éatisfaétory and remains at 210N and 158°W.' The coverage -obtained with a
circular aperture of 9.9 feet at 4 GHz is illustrated in Fig. 21. That
dﬁtained with thé selected elliptical aperture is shown in Fig. 22.

The change produced. in cdverage by going from the circular to the elliptical :

" aperture proved beneficial in the Hawaiian case. While there will be a
reduction in signal near the principal islands of the Hawaiian group due
to the reduction in gain of fhe antenna itself, the elongation of the beam
' ?roduced by the reduction in the north-south aperture dimension will pro-
vidé better coverage of the outlying lesser islands of the group. A slight
wesfward readjustment of the bbresight would also help raise'phe signal at
.~ the extfeme northwest end of the chain. There are, of course, no problems :

in fip;ing tne geographical shape as there were in the time zone cases.

~2.4.5  caribbean Area

The boresight position of the Caribbean beam remained at lSOﬁ.and 66%W.
" The coverage using the circular aperture is shown in Fig. 23 and that
obtained fram the elliptical aperture is shown in . Fig. 24. The coverage

of the Caribbean area was not improved by changing to the elliptical
aperture, due mainly to the fact that the wider north-south beam increased |
the signal level in northern VEnezuela and Columbia. From Fig. 24 it can »
be seen that an adjustment in the borésight'position, principally in a

northward direcfion, Will,iﬁprove the spillover radiation problem.-

2.4.6 Alaskan Coverage

‘Aléskan coverage for a boresight position of 61°N and lSOQW is shown in
Fig. 25 and 26 for circular énd elliptical aperture cases, respectively.

The éovérage of the main body of the Alaskan peninsula. is unaffected.by
| the change fram the circular to the elliptical aperture Shape,'except of o
course for the lower gain of the elliptical antenna. The horizon line is

shown on the Alaskan contours. The main body of Siberia is beyond the

18
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horizon and would not receive interference caused by radiation fram the
satellite. The exceptlon is the thlnly-populated Chukotskly penlnsula.
Moving the satellite position approximately 9 degrees eastward‘would place
the Chukotskiy peninsula beyond the Horizon, but much more fhan that wouid
~ tend to cut off portions of tne main body of Alaska.

An attempt was made to close: the -3 dB and -4 dB contours oh the earth by
shlftlng the Alaskan bores1ght to 53 N and lh3QW As can be seen from
Flg 27 and 28 for the 01rcular and elliptical aperture cases, this was not.

successful.
Thus; the radiation ihto the Chukotskiy peninsula is the only problem area
for the Alaskan coverage and this can be eliminated by moving the satellite

position 8 to 10 degrees eaétward This would cause same changes 1n'the

time zone coverages and 'is not. cons1dered warranted at this time.

19
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2.4.7 Eastern Time Zone Coverage by Beam Synthesis

Although not imiediately apparent from the footprints presented herein, tne
spillover into Canada and Mexico is significant for any of the simple
approaches which provide the required time zone coverage. From the beams
shown in Fig. 18 for the elliptical aperture, we can expect theAmain 1lobes
of the time zone beams to extend from as far north as Hﬁdson's Bay to as
far south as below the Yucatan peninsula. Of course, the signallevel will
be falling off rapidly in thé areas outside of the United States since the
angular slope of the patterns increases rapidly outside of the -3 dB contours.
But still quite a lot of radiation will be present in 6ur'neighboring

countries.

One approach to solving this problem is to use a highly directive antenna
~and to synthesizé the geographical coverage by combining several beams.
As a trial case, we selected the Eastern time zone for study, since this

vrepresents the most difficult of the time zones to cover.

We selected the NASA ATS F and G-30-foot reflector as a candidate antenna
size because it represents a technology that.will be available in time for
any flight experiments which would eventualiy result from follow-on work
to fnis program and because makihg use of this reflector woﬁld capitalize
on present NASA expenditures by lowering deveidpment costs and by providing

a reflector with growth potential.

In regard to the growth potential aspect, it should be nqted'that the
reflector is designéd for operation at fréquencies_up to 8.25 GHz (although.
the ATS F and G experiments will not go that high) and is probably usable

to at leasﬁ 10 GHZ. This could pfovide for beam éynthesis techniqpes using
a large number of beams énd resulting in very good conﬁrol over tne shéping .

of geographical areas.
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Since this technique tends to drift out of the scobe of what was originally
intended'for.this program and may not really solve the Canadian problem to‘
be discussed later, we ée1e¢ted a frequency of only 4 GHz for~oﬁr trial |
analysis. Figﬁfe 29 sh0Ws.the'coverage thatvcan be obtained witn,lo beams

from the 30-foot antenna with the actual time zone boundary snown on the map.

To form tue time ZOneICUverage beam all ten beams would be ¢o-polarized
and would be summed. The resultant time zone beam is shown in Fig. 30. The
fill-in effect tends to smooth the rather scalloped appearance of the edge

of the cluster of beams.

The improvemeﬁt.in the.covérage of the Eastern time zone comparéd with the
- comparable pattefn of Fig. 18 is outéfanding. The coverage generally con-
fbrms to the geographical outlines of the Eastern time zdne. Coverage in
ocean aréas is limited to the coéstal waters,.which is probdbly desirable

anyway, The only‘significant "hole" in thé coverage in this first trial
is located on the upper Michigan peninsular and the upper edge'of the lower
.Michigan pehinsula. The southermmost tip of Florida and the nqrthefmoSt

,tip of Maine also‘are slightly outside of the -3 dB contours.

There are only.two:areas where there is sefious encroachment'on foreign
territory, One is the New'Brﬁnsﬁick provincé of Canada and part of Nova
Scotia. It is‘possible that some rearrangement of the beams could improve
this situation. The other area of encroachment is the triangular land mass
that lies émong Lakes Huron, Erie and Ontario. Illumination of tuis area
is a consequence of éttempting to provide service to the state of Michigan.
 If beam J could be eliminated (perhaps included in the Central time zone
coverage), then the boundary of the beam would follow the contour of ﬁhe '
international boundary down to Toledo at the western end of Lake Erie.

Scame movement of beam J northward may tend to produce a notch effect between
Lake Huron and Lake Erie, but this would not seem to be a strong effect

since fill-in occurs in this area fram three beams, H, I, and J.

2
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The general encroachment of the composite Eastern time-zone'beam would
probably not extend northward of the 48th parallel. Beyond that line
only side lobe radiation should occur. This is a signficant improvement

when compared on an area basis with the case associated with Fig. 18.

If this principle is applied to the other three time zones we could expect
similar improvement in the coverage and in the suppression of the fadiafion~
into Canada and Mexico. Approximately 10 beams would be’ required for each
.of the other zones. The other zones are about -as wide (10 to 15 degrees
_in longitude) as the Eastern time zone and extend five degrees further north
in latitude. Thus, if we discard beams A, B, and E, place two beams north.
of J and H, and place anotner beam in the soﬁtheastern corner next to C and
D; we have the approximate coverage required for the other zones. This
does not take into account the reduced beam elongatlon present in the other

zones.

If we attempted to.cover all four time zones with this beam synthesis principle .
in one antenna, we would need at least forty beams. The maxifum offsef-is.

of the order of 5 to 6 beamwidths for the Main beam (A) with theAreflector'

axis pointed at Salt Lake City. Coverage of the Hawaiian and Alaskan sectors

weuld require larger offsets in terms of beamwidths and would experience '

some degradation.

The improvement in coverage and in suppression of radiation outside the
~United States is excellent; but it is achieved at the cost of addea weight
and camnplexity. Forty-odd feeds in the NASA ATS F and G reflector would
not be .out of the question, but this does represent a eignificant increase -
in the degree of difficulty in designing the radiating system and the
aseoeiated feed matrix. The added complexity would also open up new

- possibilities of greater utility and flexibility et the same time. For
example, while all the ten beams of the Eastern time zone are combined at
one frequency for time zone coverage, they‘could be used individually at

other frequencies for spot beam couverage of local areas within the Eastern
time zone. - _ _ : : ' ’
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‘An alternate to a single antenﬁa might be to use four 30-foot reflectors
on a single vehicle to cher.eacn of the time zones (or two for'thé
eastern and western pairs of time zones) ﬁitn perhaps a smaller reflector
for ooverage of the outlying areas. This option would noﬁ be within‘the
scope of the present project, ‘but 1t may offer a method of reducing the

c anplexity per antenna and of redu01ng thne beam offset requlred to 1mprove

performance.

23
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2.5 The Coma Problem

" The generation of coma lobes when the feed of a paraboloidal reflector antenna

‘is moved off axis is a well-known problem and one which will have a signi-
ficant effect on design and perfarmance of the mult iple beam antenna system.
Although Quite a serious problem, it ié not considered critical in that it
does not have the same bearing on selection of the basic concept as d@es the

problem of suppressing radiation into Canada.

As the féed is moved off axis in a paraboloidal antenna system, the beam
emanating from the reflector degrades. The gain decreases, the beamwidth
increases, and on the axis side of the main lobe coma lobes appear. In
general, the beamwidth and gain is not a problem for coverage of the- .-~ ---
- 48 states.; The inérease in amplitude of side lobes will affect isolation
‘Abetween the various time zone beams and the formation of the composite beam

for the U. S. coverage.

For time zone coverage using the approach of Fig. 18 with the small elliptical
reflector, the beam offsets required are ~.6, +.4, +1.h,'and +2.4 from west
to é:ggfkaﬂith alternate beams co-polarized and separated by about 2 beam-
widtns, there is likelihood of interference between co-polarized bééms

thrqggh these coma effects.

'For the REastern time zone beam of Fig. 18 at about a +2.4 beamwidth off -
axis displacement, tue side lobe is about -1k.k dB and occurs at +1 beam-
width fram the akis. The side iobe will then be at'the Verybedge of the
Mountain zone coverage (ﬁhich is éo-polérized,with the Eastern.zone>coveragé),
and may cause intefference as high as 14.4-3 = 11.4 dB. There may be some
variation in position and/or level of these side lobes as a function of
feed type of F/D ratio, but the possibility of interference is certainly
present. For the Hawaiian beam which would probably be offset about 4.6
beamwidths, the side lobe is quite high (-10 dB) but falls upon the ocean .
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without causing trouble. Displacements for Alaskan and Caribbean coverages
are not in the same plane of displacement required for time zone coverages
and may not cause trouble to the patterns, but further analysis‘is needed

to verify this. .

If all time zone‘beams ére co;polarized, it is certain that the lobe re- .
sulting from the displacemenﬁ needed for Eastefn zone coverage would inter-.
fere with either the Mountain or Central time zone patterns, depending on its
exaét location.- This‘confirms the need for two polarizations;"vatwo

- polarizations are. used and the interference between co-polarized beams is

acceptable, then’aﬁ most two-frequencies would be needed for the system:

If the réflector is viewed in the receiving sense, then if a‘plane'wave is
incident on the reflector at soﬁe small angle wiﬁh respéct to the reflector
axis, there exists ah_area in the foecal région where esseﬁtially all of the
power is available. In an optic sense tnis.area degenerates into a point
when the wave is incideﬁt along the axis. Thus, for reasonable offset, it
should be poséible to place a feedvlarge enough to intercept nearly all of
the powér résulting from an off axis wave. If the'enérgy collected is then
1corrected in phase, then nearly full gain should be realized and conséquently

‘less of the energy should go into the side lobe.

The trouble with this approach is that it may require a lérge‘ (as well as
camplex) feed. For the time zone coverage patterns where beams are closely
spéced, there'wquld be physigal interference of the correcting feeds, |
according to prélimihary estimates. Uhfoftunately,'tnis'is Where the
correction is mosf.needed. For the coverages of outlying areas (Hawaii,
ete.) it might be possible to provide the feed aperture necesgary, but

even though the cama effect is more severe in tnis case, its effect on per-

formance is lessened, as mentioned above.

25

LOCKHEED MISSILES & SPACE COMPANY



IMSC/D156879

2.6 Spillover

The potential spill-over into the contiguous nations of Canada and Mexico
presents a critical problem area. This problem arises because of the sig-
nificant population density on botn sides of the U.S.-Mexico and U.S.-Canada
borders, partlcularly the latter The U.S. cities and towns in the‘corder
reglons would expect service fram a domestic multi-purpose communications
satelllte. At the -same t1me Mexican and Canadian cities in the border

regions may dbject to the use of these frequencies inside their borders.

' The population of Mexico is 48,313,438 (1970 census) of whom about one
million live in border towns (Tijuana, Nogales, Juarez, Laredo, etc.). With-
in about 100 miles of the border there are a number of cities, notabiy
Monterrey_(pop.:about 400,000). However, the border area contains less than
10% of the population. There are, however, a number of U.S. eities near the
Mexican border (san Antonio, E1 PaSo; Tucson, Phoenix,‘and San Diego alone

total nearly three million) which cannot be neglected.

While the population of Canada (21,32k,000 by 1970 estimate) is much less
than that of Mexico the problem is more acute. It is estimated that T0%

of Canada's population resides within 100 miles of the U.S. border. The
seven most popnlous metropolitan areas (Montreal, Toronto, Vancouver,
Winnepeg, Ottawa, Hamilton, Quebec) are close to the U.S. border and contain
7,353,000 people. .The twenty-One largest metropolitan areas contain 10
million people of wham 86% reside within 100 miles of the U.S. border. This
location of the people along the border is illustrated in Fig. 31 which '
shows the density distribution of nopulation. The high density of population
along the Great Lakes and St. Lawrence River, almost all close to the border,

is significant in the context of spill-over.
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- Now thé length of_a meridian of the Earth (360O great cirecle through the
geographic'poies)-is 2k4,860 statute miles. “Thus, 100 statue miles in a
North-South direction is about 1.5° of latitude. The beamwidth (angle)
between latitudes r, and T, for a synchronous satellite,is'givenlby

N= 7=,
v, = N S\v T,

where r is the Earth radius (340 nautical miles)
is the height of the satellite .above the Farth's
urface (19370 nautical miles)

. The Canadian border fram longitude 95°w to Vancouver lies
along the 49th parallel.' The Vermont-Quebec?border lies along the
h5th parallel.

For I'; = 45° T, = 46.5° -y, =100 = 0.167°
ry, = 4% - T, = 50.5°. - Y, =8 = 0.133°

These two lines of latitude will suffice to eXamine.the practicality of

providing a beam with a sufficient rate of fall off in gain ("skirt").
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If we wish the éignal level to fall from ;3 dB at the_border to-the first
null 1.5 degrees north of the border (i.e. 100 miles inside.Canada) we -
_need alreflector which provides such a signal fall off within about 0.14
degrees (see Fig. 32). That is, the beamwidth between the first nulls shall
be 0.28 degrees wider than the beamwidth between the -3 dB points. At 4 GHz
this implies a reflector of about 60 ft. diameter. However, this means“that
the signal falls off in about 100 miles and is therefore Significant within
approx1mately the first 50 miles of the border which encompasses Montreal

Toronto and Vancouver, and some other cities.

While a reflector of 60 ft. in diameter is not outside the limits of present
technology, it is worth noting that this fail off rate (0.14 degrees of

beam in 1.5 degrees of latitude) is provided by a 27 ft. reflector at 9 GHz =

that is scaling the 60 ft. reflector fram 4 GHz to 9 GHz. Thus, the NASA

ATS F&G 30 ft. reflector at 9 GHz would provide slightly better fall off so

that the null would fall a little less than 100 miles from the U.S.-Canadian

' ‘.Do_rder_.. It should be noted that a 30 ft. reflector operating at 9 GHz would ’

need more‘beams'to cover the Bastern time zone than the ten beams, for 4 GHz

operation, shown in Fig. 29.

Now considering the elliptical paraboloidal reflector with a north-south
diameter of 5.8 ft., the beamwidth from the -3 dB level to the first null
is approximately l.S.degrees. At a rate of about 0.1k degrees of beam for
1.5 degrees of latitude this means that 1.5 degrees of'beamwidth is eQuiva-’
" lent to approximately 16° of latitude. Thus, if the -3 4B contour of the
5.8 by 9.9 ft. elliptical reflector falls on the 49th parallel, the null
lles at about the 65th parallel Therefore, a large portion of Canada is

illuminated by signals of a significant level.’

For a circular paraboloid of 9.9 ft. diameter the beamwidth ffom-the f3

dB level to the first null is approximateiy 0.9 dégrees which corresponds'
to about lO.sldegreeé of latitude. Thus, in this case if the -3 dB contour
fell at 49°N the null would be at 59.5°N, which still implies considerable A .

illumination of'the populated areas of Canada.
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Returning to a\reflectqr which yields a fall off fram the -3 dB contour to

the first null in 100 miles.( 1.5 degrees of latitude), to achieve the
potential prémised by the reflector's pattern characteristics, a sfabilizétion
rate much better than the gain fall off rate will be needed. This~wou1d not
be needed of all .the beams covering a single time zone nor of those Which |
Splll over into llghtly populated Canadian border areas. However, it would

- be required of those béams illuminating heavily populated Canadlan border
‘areas, otherwise there is little value in developing such an antenna system.
Therefore, monopulse self-gsteering of at least those beams 1llum1nat1ng |

populated border areas is imperative.

Even if an antenna (and éorresponding pointing accuracy) which provides good
isolation of Montreal, Toronto and Vancouver, can be developed there remains
the fact that isolation between,_say Detroit and Windsor, is not a practical

poss1b111ty at this time.

The illumination of Canada therefore becames a matter of coﬁsidering the
perpenﬁages. By this one means the percentage of population and not of land
area. Spill over into agricultural iand in the prairies is of no great
importance comﬁared with the repercussions. of spill over_into'the'large'
metropolitan and industrial éreas of Southern Ontario and Sbuthern_Quebec.
Reductioh'of spill over in these highly populated areas may be esSentiai

to internatiénal harmoﬁy. In other words, technical design coﬁéiderations-
and indeed cost-may be subservient to political considerations} If the

cost of trying to isolate Canada is deemed to be too high by the govermment
it may be considered advisable to employ the single 5.8 x 9.9 ft. elliptic

paraboloidal reflector.

Canadian satellites have already been placed in orbit and undoubtedly Canada

is planning to develop ccﬁmunicationé satellites along the same lines as the
United States. It is quite probable that they will eventually wish to use the
same frequencies as those employed by the U.S. Isolation by frequency diversity

does not, therefore, appear to be a suitable alternative.
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If a satellite uses a low gain antenna and the ground station employs a

“high gain antenna with a narrow beam it is then possible for a ground sta-
tion to discriminaté between Two satellités transmitting the same‘frequencies
from different locations.  Thus, 4 GHz could be transmitted by both U. S.

and Canedian satellites, somewhat sepaﬁiéd, and ground stations in Detroit _
and Windsor could receive from the U. S. and Cénadian satellités, respective-
ly, without interference from the other. This implies highly directive and
'more'expensive:grpund'station antennas. This is a most unlikely alternative
in view of the number of grouﬁd stations.which may eventuaily be located with-
in-Canada and the Unites States;'the cost would become prohibitivé.

The most promising scheme for isolation between Canadian and U. S. satellites
is the use of poiarization diversity. The Canddian time zone boundaries are
at approximately the same lines of longitude as the U. S..time_zones. It may
be possible to arrange that the U. S. and :Oa_nada use orthogonal polarization

for each time zone as shown schematically in Fig. ;j:f’?

This scheme appeérs to have éome potential particularly in solving the prob-
lem of spillover into the Southern points of Ontario and Quebec (both in the
Eastern time zone). There appears, from the schematic diagram, some possibi-
llty of spillover from a U. S. time zone into the next time zones of Canada.
For example, there might be spillover: from.the U. S. mountain time zone into
the Canddian Pacific and Central time zones."The elliptical shape of the con-
tours, however, causes in some cases a "clipping" of the corners of the time
zdnes, thus reducing the possibility of this type of spillover. One place
where this could be a problem is on the eastern border of Maine. The Cana-
dian provinces of New Brunswick, Nova Scotia and Prince Edward Island, to-
gether with the Gaspe Penlnsula of Quebec, are in the Atlantic time zone.
Spillover from the U. S. Eastern time zone would interfere with a Canddian
satellitetransmitting to Candda's Atlantic time zone, a8 indicated in Figs.
13and 30, whether an eiliptic or a large circular parabolic reflector is

used. -
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C 2.7 Elliptical Reflector Evaluation
- It was now decided to evaluate a 9.9"x 14' elliptical aperture paraboloid.

The 14' aperture dimension was selected because its larger beamwidth would

cover the desired coverage areas with fewer feeds.

Without going to a much large diameter (such as 20 or 30 ft) the East-West
reflector diametér of 9.9 £t has been found to be a good compromise for the
time zone coverage. It is too small for the Eastern and Pacific Time'Zones,
but the spillover can be directed into tne Atlantic and Pacific Océans, re-
spectively, which may, indeed, be an advantage in that it would provide some
maritime coverage. The 9.9 £t diameter is a little too small for the Mount-
ain Time ane (but spillover into the adjacent time zones can be separated

by polarization diversity) and about right for the Central Time Zone.

Figs. 34 and 35 show the component peams for the Pacific Time Zone with re-

spective boresights at:

43.5°N 120.0°W (Central Oregon)
34.5°N 12O.OOW (Near Santa Barbara, California)

Fig.'36-depicts the composite contours of these two'beams. There is virtual-
ly no spillover of the -4 dB contour into British Columbia and very little

of the =3 and -4 dB contours into Baja California Norte. In both cases the
spillover can be reduced by moving the appropriate éomponent'beamfs boresight
away from the international boundary. There'is a slight "clipping" of the

.North—East corner of tnis time zone, in the sparsely populated area where -

" Idaho borders on Canada.A'However,'in regions such as this there is much less .

interference than in a metropolitan area and aisomewhat lower signal level is

often qﬁite écceptable. There is a considerable spillover into the Mountain -
Time Zore (as wll as tie Pacific Ocean) but this can be separated by polari-

zation diversgity.

The compénent beams for the Mountain Time Zone are shown in Figs. 37 and 38 -

with respective boresights located at:

43.5°N 108.0°W (Central Wyoming) - | -
34..5°N 108.0°W (Southwest of Albuquerque, New Mexico) |
o _ _
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The composite contours éfgthese'two‘beahs ére illustrated in Fig. 39.

There is very slight spillover of the -4 dB contour into Saskatchewan and
of.fhe'—B and -4 dB contours into Mexico between Nogales and Juarez. This

is considerable less than thespillover of the 9.9 x 5.8 ft. elliptical reflec-
tor. It can be reduced by moﬁing the boresights slightly-awary from the in- -

‘ternational boundaries, but this would incresse the "clipping" of the corners

of the time zone.
Component beam contours for the Certral Time Zone are depicted in Figs. 40 and
41 with respective boresights situated at: ' '

42.0°N 94,0°W (Central Iowa)
33.0°N " '94,.0°W (South of Texarkana, Arkansas)

The composite contours are shown in Fig. 42; There is no spillover of the

f3'and -4 dB contours into Candda and Mexico but this is at the expense of
more extensive corner clipping’than was expérienced in the Pacific and Mount-

ain Time Zones. The areas suffering this "clipping® are:

North Dakota, Western South Dakota and Northern Minnesota, Southwest

Texas. including San Antonio and Brownsville,Southern Alabama

These.three regions represent a fair amount df degraded coverage on an area
basis and sbme_coverage on a population basis. This loss of coverage can be'
decreased sdmewhat by changing the boresights to the two component beams, but
probably at the expense o some more spillover into the two contiguous foreign
countries. Spiliovér into adjacent time zones is not extensive and can be

separated by use of orthogonal polarizations in these areas.

The component beam contours for the Eastern Time Zone are shown in Figs. 43

and 44, the respective boresights being

41,08 . 79.0°0W  (West Central Pennsylvania)
31.0°N 80.0°W (Off the Coast of Georgia)

Composite contours. are depicted in Fig. 45. There is considerable.spillover
into the sourthern parts of the Canadian provinces of Ontario and Quebec, which
are densely populated. This is a continuing problem in all candidate config-
urations which have been considered. The penalty incurred in reducing the
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spillover is a reduction in ﬁhe coverage of Michigan. Sincé éven this re-

flector (9.9 x-14.0 ft) and boresight (41°N, 79°W) places northern Michigan'
and its upper Peninsula outside the -4 dB contour,'anj further reduction in
the Michigan coverage may not be acéeptable. One solutions may be to place:
the Michigan coverage in the Central Time Zone and Fig. 42 shows that ﬁhis‘

is a feasible alternative.

In addition to the problem of Michigan, part of Maine bordering on New Bruns-
wich, and Southern Florida fall outside the -4 dB contour. The border area
of Maine is sparsely pdpulated and may still receive a satisfactory signal,
but the uncovered Florida area includes Miami and is large enough to demand
some attention. Moving the boresight of the second beam from 31°N to about
29°N will probably resolve this problem, but it will cause some spillover in-
to the Bahamas. Some spillover into theACentrél-Time Zone exists but, once

again, the effect of this is avoided by use of orthogonal polarizations.

Coverage of the contiguous forty-eight states will be pi‘oﬁde_d by dividing ' ‘
power to the four time zone beams;_ This coverage is represented by Figs.

36, 39, 42 and 45.

Coverage of Alaska is illustrated in Fig. 46. The boresight of 61°N, iso°w
(near Anchorage) was used again as no advantage could be found in changlng
»,thls location. As withtle previous configurations cons1dered there is some
plllover into the Chukotskiy Peninsula of Siberia and into the south west-
~ern part of the Yukon and orthwestern part of British Columbla. None of this
is serious from the density of population viewpoint and does not warrant
-chaﬁging of the beam's boresight.
Covefage of the Hawiian Islands is shown in Fig. 47. The bdresight position .
for the Hawiian beam previously used was considered satlsfactory and reﬁéiﬁs at
2 N,.158_W (near»Pearl Harbor). As with previous candidate conflguratlons the --

coverage of the principal islands is complete with no spillover problem.

33
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'The footprint'for the Caribbean is shown in Fig; 48. -The boresight is lo- - 4
cated at 18°N, 66°W. (near San Juan). Coverage of Puerto Rico and the U.S.

- Virgin Islands iS'complete.' In-tHe'case of this refleCtor,spiilover into
neighboring-Caribbean Islands is diminished vis-a—vis‘the“9'ft diameter'cir-_'
cularireflector and there is no spillover into South America as was'foundv;‘
with the 9.9 x 5.8 ft elliptical paraboloidal reflector. .Thus, this reflec-
tor is a decided improvement in Caribbean coverage as compared to'tne other

two reflectors with the same East-West diameter. -

2.8 Eastern Time Zope Coverage by Beam Synthesis
. The problem of spillover into Candda and Mexico when a single beam is used
to 111um1nate a time zone led to the concept of us1ng a much larger reflec- '
tor and multlple beams to synthes1ze the coverage of a 31ngle time zone. - |
"Spillover is then reduced by carefully controlllng the bores1ght of the
component beams which illuminate border reglons and by the- fact that the
contour fall off of tne individual beams from the -3 dB p01nts is much

greater for much larger reflectors.

The Eastern Tlme Zone is the most dlfflcult of the four t1me zones to cover
because of 1ts shape ‘and because the densely populated regions . of . Quebec ‘
and Ontario lie within its potentlal spillover area. A very good fit of the
-3dB contour to the zone's boundaries was reallzed in using a 30 £t reflec—
tor. It appeared that ‘the fit could be improved by adgustlngvthe boresights

of the'component beams and/or feeding the beams with unequal power 1eVels..

With these facts in m1nd it was cons1dered that beam: synthesis’ coverage of
" at least the Eastern Time Zone, using a 20 ft diameter clrcular paraboloidal

reflector, warranted some attention.

Figs. 49'through.53 depict the‘component beams of a 20 ft reflector which can
be used to synthesize coverage of the Eastern Time Zone. The boresights se-

.lected were:

LOCKHEED MISSILES & SPACE COMPANY
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Fig. Latitude = Longitude Location
| 49 1 - AZOW, 74°W_ : Kingsfon, New York
50° L2 35°%  8o% Near Charlotte, No.Carolina
51 3 29°N 82°W  Near Orlando, Florida
52 V A 40°N 8ldw - Eastern Ohio
53 5 43% 85% East of Grand Rapids, Mich.

~ The footprints of the composite beam formed by these.five beams is shown in
Fig. 54. The boundary of the Eastern and Central Time Zones is.draWn accurate-
-1y here rather than arbitrarily drawing it along the 86°W meridian.

The attempt to include;Michigan inthe Eastern Time Zone, to which it prop-
erly belongs, resulted in considerable spillover into the southern regions
- of Quebec and Ontario, a problem which. the synthesis téchnique is designed

' to overcome. In addition, the UpperPeninsula of Michigan lies entifely
beyond the -3 dB controur. Undoubtedly, changing the béresights of some
beams and/or using unequal power distribution can reduce the problem. The
boresight of beam 5 could be moved towardévthe northwest and reduced in sig-
nal level relatvie to the other beams. Beams 1 andVA could be moved about
19'0r129 south. All this would decrease the spiilover into Eastern‘Canada‘

and increase the coverage of Michigan.

The possibility of placing Michigan in tue Central Time Zone, alluded- to ear--
lier in this’report; offers a possible solution. With this in mind it was-
decided to determine the contours of the composite beam formed by beams 1

through 4. The result is illustrated in Fig. 55.

Exclusion of Michigan from the Eastern Tims Zone does help, in this case, to
reduce spillover into the -adjacent and densely populated regions of Canada.
Further reduction of this spillover can be realized by altering the boresights

of beams 1 and /4 and/or reducing the relative power of these beams.

- In either case, including or excluding Michigan coverage, it will be noted

that the region of Maine bordering on New Brunswick, and Southern Florida

' lie without the -3 dB contour. The "clipping"in Maine is not very serious

and the slight loss of signal here may still be tolerable. Howevér, if the
35 | |

' LOCKHEED MISSILES & SPACE COMPANY




LMSC/D156879

boresight of beam 1:is moved sonthward for the purpose of reducing spillover
into Canada, this will degrade the coverage of Maine. Coverage of Soutnern
Florida can be enhanced by moving the boresight of beam 3 northwards by 1°

or 2 of latitude. It does seem, though, that mov1ng beam 3 to the south
will cause'some.scalloping along the western Georgia state line. This can
probably be breVented by.noving'beam 3 slightly westward when it iS‘moved-

. southward..

From the patterns_of the Eastern’Time Zone coverage'for the varions candi-
date reflectors it appears that, from the point of view of accuracy of cover- -
age and minimum spillover, the 20 ft reflector is an improvement cf the .
.elliptical reflectors and the 9 9 ft reflector, but not as good as the 30 ft
reflector. ' '

Thelrelative'merits.of the candidate configurations in coverage and spillover
in the Eastern Time Zone can bevextended to the other’three time zones"When
it comes to coverage of Maska it is expected tuat two beams would be requir-
-ed. of the 20 ft and 30 ft reflectors in order that they match the coverage of
the smaller reflectors. Coverage of the pr1nc1pal Hawaiian Islands would be
excellent witn one beam, bnt in the case of both'these larger reflectorS'a
second beam ‘WOuld be necessary to cover Midway and Kure if this is a desir-
able feature. In regard to Caribbean coverage the 20 ft .and 30 ft reflectors
would be better than the smaller reflectors since complete coverage. of Puerto
Rico and the U. S. Virgin.Islands,can ‘be realized with a single beam and less
spillover into ‘the Bahanas and other Caribbean Islands would occur.

It is, of course, abundantly clear that the 20 ft and 30 ft reflector candi-
dates_will beﬁmore complex, larger, and heavier than the reflectors using a
9.9 ftAEast—West diameter. _It is estimated, for example, that a 20 ft diam-
eter reflector willaneed‘Zl feeds and BO‘ft reflector will-need_45_feeds.

2.9 Q@&&Mﬁlﬁ

In the development of conceptual designs for the candidate antenna systems
studied during the analysis stage, consideration ‘was given to several'para—

meters which act as secondary requirements to the prime requirement of
36
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providing ‘antenna coverage to the four U. S. Time Zones, Alaska, Hawaii,

Caribbean, and the 48 contiguous.U.S..staﬁes from a synchronous satellite.

Consideratidn was given to the following items as additionallrequiréments;

1)

2)
3)
4)
5)

Minimum'spillover into contiguous countries for each of the coverage
areas. _ , ‘

Low side lobe levels (25-30 dB)

Minimum reflector size, weight, and complexity of design

Maximum beam isolation

Tracking capability

 In studying the cémputer predicted footprints for each of the candidate an-

tenna systems in each of the required coverage areas, it obviously becomes.

a serious problem to compare the available choices ﬁaking into cohsideration s

all of the secondary requirements. For example, is the 6ne'system thatbprb—

vides the minimum spillover of the time zone patterns into Candda and/or

~Mexicb better thant he one system which provide maximum isolation between

adjacent time zone beams yet has high spillover into: Canada and/or Mexico?

Is that system which provides the best  time zone coverage better than one

" which has léss'coverage capability but weighs only one-half as much as the

best system? The analyst soon gets mired down in making firm decisions

about one candidate system which then change when eValﬁéting the performance

of the next candidate system. To avoid this problem and to increase the prob-

ability of making a cbrrect,decision based on facts, a systemized approach

must be employed.

’ During»the'course of the ahalysis, several different céndidate approaches have

'evolved, eaéh offérihg different capabilities and different good and bad fea-

‘tures.

" One is relatively simple, but does not provide'good performance;

‘another has excellent performance but may be somewhat complex; and there are

.éeveral other candidates offering different levels of perfprmance'coupled'

with varying degrees of complexity. If the choice amohg candidates were to

.be based on a single factor alone, making this choice would be a simple

matter., It would, indeed, be easy to select an automobile on the basis of

horsepower alone.
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More often the ehoice depends on severel factors which tend’tq“conflict and
"which are not measureable in common unlts. In selecting an automobiletwe
must decide how much extra we are w1111ng to pay initially for such options
as alr-condlt;onlng,»stereo, prestige or ‘appearance. We must declde;whether,
economy of operation is more important to.us ﬁhan the big, powerful engine.
We must find a way to brihg the various diverse factors into perspective

for the comparisen process. Our final choice may range from a lO—year-old
VW "bug" to a brand new Eldorado,dependlngon what factors are. con31dered

and tle relative importance attached to each.

At LMSC we often use the KTA (Kepner—Trégbe Associates) Decision Anaiysis

Procedure for making choices among several candidates. Although ofiginally

-_a‘formaliied procedure for making euccessfui management deeisidns, we have
applied it very effectively to technical'problems. It requires thatvyou'de-

| termine'what you'want out of the selected candidate before YOu begin-consider—

inch which candidate is best —- not an: 1lloglcal procedure, when you think

about it. It documents and makes the entire selectlon process visible so

. that everyone knows what factors were consldered and how much importance was

- attached to each. If someone ‘disagrees with the’ choice or with ‘the relatlve'

importance,attéched to each factor, he can pupply his own weightings and re- |

édmpare the candidates using the same information originally used. The whole

. process, being formal andivisible, leads to selections which are more sound-

ly based on facts and logic and less influenced by subjective factors.

We have applied~KTA Decision Analysis Procedure to the selection of an appro~’
- priate antenna candidate for further study. In this section we shall explain
how we went about the process and in the next we shall discuss the results.

The first step is to make.a decision. statement. This statement specifies
exactly what we expect the selection process to do. Its usual form is: to
select an: (optlon) for (a purpose). It is important to make this statement-
as spe01flc as possible to narrow down the- number of candidates to be con-
31dered. The statement selected was: "to select a multiple beam reflector
antenna concept to satisfy requirements of t%e NASA—Langley domestic satel~-

lite study". The phrase "reflector antenna: precludes consideration of lenses
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and errays which we take'to be out of seope of the present stﬁdj The

term "concept" is included because we want the freedom to consider more than
one antenna, that is, a multiple antenna conceépt. The purpose, "to satisfy
the requirements of the NASA-Langley domestic satelllte study", tells us uwhere

t6 look for the requirements the selected candldate must satisfy.

- The next step was to draw up a list of musts and wants. "Mustg"are abgolute-
requiyrementg. If a particular candidate does not satisfy everyone‘of~the muSts,

it must be discarded immediately without any further consideration -- no matter

what other attractive features it offers. - Measurement of a candldate agalnst

a must is a go/nmo-go propestlon. "Wants" on the other hand are desirable

- featureg which can be §gti§fied to g relative ggg ree. As examples of each,

Capable of operation on a synchronous satelllte was considered a must; thus

no candldate system would be cons1dered that could not be designed for this
situation. ‘"Side lobes at least 30 dB down"™ _ considered a want, because
a system, with say, 22 dB side lobes might be acceptable if it has other fea-

‘tures (such as better coverage) which might make it attractive. At least we
would want to consider what other features a candidate approaeh had before

i dlscardlng it and would not automatically rule out tue partlcular candldate

system on tne ba31s of its hlgher side lobes.

-The fit to musts is simply a yes or no :proposition, as mentioned before;
" therefore there is no need to welght the musts. The wants are different.
Since only relative fit is requlred to wants, we must attach a welghtlng to

each want in proportion to its relatlve 1mportance. The most 1mportant want

is given a weighting of 10 and less 1mportant wants are given lower welghtlngs.

Having too many wants with high weightings tends toAde-empha31ze therwelght;ng v
of the most important want, so the weighting process must be handled with“care.
' - The purpose of assigning-Weightings is to provide a common basis of compari-
son of different features invaccordance Qith importence —- that is, in pers-
pective. If one candidate'system provides both good side lobes and good
coverage, there would be no problem. But if one has low side lobes, we have

to be able todecide between the two.
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After the welghtlngs have been a531gned, the’ candldates to be consldered '
are defined in detail. .Then each candidate is measured agalnst the‘ must

) list for fit. Any candidate that does not satisfy all of the must is auto-
matically discarded. Then for eéach want the candidates are measured and '
scored for relative fit. This is done by flndlng among the candidates the
one which best satisfies the partlcular want 1n question and ass1gn1ng to f»l
ﬂthat candldate a score of 10 for that want The other candldates are compar—"
ed w1th the candldate ‘best fitting the’ want and are ass1gned scores from 10 -
to O dependlng on how well they satlsfy the want compared to “the candldate
system receiving the score of 10.. For example, At candldates A B and C

have gide lobe levels of 16, 22 and 25 .dB, respectlvely, no candldate exac+ _
"ly satlsfles the want. But candidate C satlsfles it best and recelves a score
of ten. Candidate B is next best and af we decide that the three dB differ-
ence in side lobe level is unlmportant candldate B mlght receive a score of
10 or 9. If te 3 dB difference 1s 31gn1ficant a lower score might be -
aSsigned. Clearly, candldate A does not come close and would receive a low'
score. It is 1mportant ggt to. make the scores reflect the gumg;;gal diff-
erences between the candldates but 1nstead to make - them reflect the ;;pg;
a_taggg of the numerlcal dlfferences. The. complete range from lO to 0 does
.not have to be covered. For example,-lf the three systems had 25, 26 ‘and 2k
dB s1de lobes and the dlfferences were relatlvely unlmportant, all candldates :

‘might receive. scores of 10 or 9.

When all candldates have been scored for all wants, the scores and welght- '
ings are multlplied together and ‘the ‘weighted scores for each candldate are
added together ‘to find the total welghted score for each. system.~ The candl-
| dates are then ranked, the ‘one receiving  the hlghest score being the one ‘
which best fits the want 1list. Small differences in scores can and should
‘be neglected, since the’ method is not considered to be ultra pre01se. For
example, a dlfference in welghted scores of 10 p01nts should be neglected -
because changing the welghtlngs of a s1ng1e factor by one or two p01nts could

conceivably - change the ranklngs.
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A further step includedrin the KTA Decision Analysis Process is to determine

- the risk factor incurred from selecting each of the candidates which rank

high in- fitting the want list. This is done by listing all the bad things

~ that can happen if a particular candidate is selected, assigning a proba-

bility of occurrence on a scale from 0 to 10 to each adverse conssquence,

~and a seriousness rating from O to 10,should the adverse consequence happen..

For each candidate the risk factor is the sum of the products of the proba-

bility factor times the seriousness factor for adverse consequence. Thus,

‘_a candidate system with a high ranking in satisfying the want list could be

derated or discarded if its risk factor was high in comparlson to other ‘cand-

idates which offer almost as good a fit to the want llst.

 To sum-arize, the steps in the decision analysis process are as follows:

. 1. Make a specific decision statement.

2. Dfaw_up a list of must and wants.
3. Assign weightings to the wants.

4. Define in specific detall what candidate systems are to be
cons1dered :

5. Measure.candidates against a must list on a go/no-go basis.

6. . Measure remaining candidates against a want list and assign
scores based on relative fit to wants.

7. Multiply weightings by scores to find weighted scores; sum welghted
" scores for each candidate system.

- 8. Assess possible adverse consequences for- high ranking candidates.

9. Interpret scores and make final selection.-
In fhs next Section we shall discuss.the application of this technique to

the present study.
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LOCKHEED MISSILES & SPACE COMPANY -




LMSC/D156879

. X k!
2.10 Selection of the Preferred Antenng Concept
This KTA Decision Analysis procedure was used to select a preferred anten—
na concept. The enalysis was completed ﬁsing the best information available
at the time and leads to a preliminary conclusion as to the antenna concept
ultimately best-suited for fitting the technical requirements outlined in

the work statement.
. [

The decision statement selected as as follows: "To select a multiple beam .
- reflector antenna concept to satisfy requirements :of the NASA-Lengley dom-
estic satellite study". By this statement we iimit_our consideration to
multiple beam reflector antennas and may consider two or mom such antennas

in a system; We are concerned with satisfying the technical requirements

and achieving the functional objectives of the intended application, whether

Qr'not_the selected concept is cepggt%pleuy;th;tpemoriginal iqtegt<and scope.

-.__of the study.

To establish the list of musts and wants, the first step was to'make a list
of all the nouns and adjectives in relevant portions of the work statement.

The next step was to see if we could generate musts and wants from- this list.

We then addedeotherlwants and musts which we felt were either implied byﬂthe i

the work statement or were pertinent to the projected functional use of the

antenna system.

Three musts were defined. - One is that the candidate system must be a mul-

‘tiple beam reflector antenna system. Any other candidate approach -

was discarded primarily as being out of the scope or intent of the study.
A second must was that the antenna system be capable of operation on a
synchronous satellite. A third must was that the antenna system provide
some access to all the geographical areas mentioned in the work statement.
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effectively each area is covered will be dealt with in the list of wants,

inclusion of the access requiremeht in this form in the must 1list prevents

- congideration of any concept which does not have the potential of covering the

" maximum east-west and maximum north-gsouth fields of view.

Sixteen wants were established. These are:

Wt~ W

o

lO.
11.

12.

13.

14.
15.

16.

The
the

Side 1obes should -be. 30 db down.
Stowed volume ‘should be 2 minimum.
Deployed size should be a minimum.
Weight should be a minlmum.,

Coverage of the U. S. Time Zone should be a maximum on a population
basis.

Coverage of the U. S. time zones should be a maximum on an area basis.

The U.S. time zone patterns should have minimum spillover into Mexico
and Canada on an area basis.

Coverage of Hawaii and Caribbean area should be maximum on an area basis. ‘

Spillover of the Caribbean beam into foreign Caribbean areas and South -
America should be minimized.

 Coverage of Alaska should be maximized on an area basis.

Spillover of the Alaskan beam into Siberia and Canada should be mini-
mized.

Single beam coverage of the contiuous 48 states should be maximized on-
an area basis.

Spillover of the 48 state beam into Canada and Mexico. should be mini-
mized.

The isolation between beams should be maxlmlzed

A reference capability for tracking should be prov1ded for updating
the system.

The complexity of the system should be kept at a minimum. Coverage re-
fers to the geographical area within the -4 dB contours of the beam.
wants and musts ere listed in Table 1 together with the weightings for

wants. To arrive at the weightings shown, we first had a general dis-

cussion of all wants to make certain the basic idea of each was clear. Then™
three engineers set down independently their own weightings. Differences
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were discussed until agreement was reéched (as contrasted to averaging the

independent weightings). The results are tabulated in Tables I and II.

The most important want was considered to be coverage of the four U. S. time
zones on an area basis. "Coverage® is the primary intent of this type of an-
tenna.system, and since covering the entire area of the four U. S. time zones
provides service to é very large number of people, this seemed to be the most
important want. Coverage of the time zones on a population basis was also
included and given a lower weighting; the purpose here was to give a 1itt1e
plus to a candidate which failed to prbvide'full aresa éoverage but did cover
nearly all the popﬁlaﬁion and to give'a little minus to one which left out_-
a heavily populated portion of the desired service area. Of course, any
candidate providing full areacoverage also scores well in the population

coverage.

Hawaiian, Alaskan and Caribbean coverages were the next most importaht wants.
These were considered on an area basis only. There could be some Jjustificat-
tion for giving these wants relatively low weightings'sihce relatively few
people are involved compared to thoSaiesiding within the contiguous 48 states.
But we chose to assign weightings of 9 and 8 to cover these remote areas be-
cause while few people are involved; few . alternatives exist to the services
which would be provided by the satellite. -

n‘»Single beam coverage of the contiguous 48 states was assigned a relatively low

weighting since this coverage could be provided by separate channels on the

four U. S. time zone beams.

Spillover was everywhere considered on an area basis. There does not seem to

be any hope, even with very direct.ve antennas, of reducing spillo#er to the
bulk of the Canadian population, so that country might just as well be consid-
ered on an area basis. Mexico is more evenly distribited and could be treated

on an area or population hasis equally as well.
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. Spillover, in general, was assigned moderate to low weightings. To place
strong weightings on spillover would tend to have spillover considerations

. influence the design or choice, and we dq not believe it should. Interfer-

. ence..can be overcome by cooperative efforts between neighboring countries.
Minimizing spillover may be more important for political reasons than for
“technical ones, and t..erefore, the effort to minimize spillover may be the

‘ ’1mportant thing. Spillover into Canada and Mexico, our closest neighbors,

received a higher weighting than spillover into South Smerican and foreign

Caribbean territories where our ties are not as strong and into Siberia which

~is sparsely populated.

The impact of the antenna system‘configuratien on the vehicle system ie depic-
ted bj wants, 2, 3 ané 4. A compact launch configuration is desirable but not
8 dominant factor and thus receives a low;weighting Minimum deployed size

is highly desirable to. mlnimize the length of solar array booms and other ve~
hicle structures which must clear the edge of the aperture. This also receives
a' low weighting in that a large size only complicates vehicle design problems.
Minimum weight has a direct bearing on how much electronics subsystem hardware
- can be eafried and in some cases on the choice of boost system. Therefore,

weight was assigned_the higheeﬁ weighting-of the vehicle interaction factors.

Low side lobes is a direct requirement appearlng in ‘the work statement, but
it recelves a relatlvely low welghting because 1t 1s belleved that want 14,
maximum 1solat10n between beams, more clearly deflnes the\functional problem.
The effects of sidejlobeslon_epl;;pver is already tgkeg,cege of ip_several
wants related to ‘spillover into:specific countries.‘ The remaining effect of
side lobes to be ‘considered is the effect on beam-to-beam isolation. We krow,

- for example, ﬁhat certain of the antenna concepts will result in high side
lobes which fortunately fall into ocean areas with little detriment to over=
511 performance. It does not '’ ‘seem prudent to penalize & particular concept‘
for that; but if high side lobee cause interference between co-polarized

. beams, that is a serious matter in that it restriets the frequency reuse

; capebility of the system. Thgs, a want related to beam—towbeam isolation

:>receives a relatively high weighting.
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Tracking capability fdrupdating the system is desirable but is not nearly

as important as other features.

The final want to be discussed is complexity. High degrees of complexity

will affect development costs, product cost and lead time to operational use.

A very complex system may or may not affect reliability. A simple system séems
inherently more reliable, but a failure may be catastrophic. A more cémplex
system conceivably can have very useful failure modes in that failures tend

to affect limited portions of the system. Complexity in general is_a devélop—

ment inconvenience and therefore minimum complexity seems to be desirable.

Eight candidate approaches were defined. They are:

A. A 9.9 foot circular paraboloid with 7 feeds

B.. A 9.9 x 5.8 foot elliptical paraboloid with 7 feeds
C. A 9.9 x 14 foot elliptical paraboloid with 11 feeds
D. A 20 foot circular paraboloid with 21 feeds

Av, The 30-foot ATS Reflector with 45 feeds

B' Two 30-foot reflectors with a total of 45 feeds

C' Four 30-foot reflectors with a total of 45 feeds

D' Two 20-foot reflectors with a total of 21 feeds

We did not have quantitative data on side lobe’performahce; so we made judge-
ments based on factors which would tend to cause side lobe problems. Blockage
due to a large number of feeds, elliptical shaping of the aperture (leading to
difficulty in obtaining proper reflector {1lumination in both planes) and the

amount of feed offset were factors considered.

Stowed volume scoring was based on furled diameters of previously built
antennas of appropriate sizes and on the number of antennas required in each
case. Weight estimates were obtained using past data for the appropriate
reflectors and using a figure of 1 pdund for each feed. The totals are not

absolutely accurate, but do tend to separte the various candidates.
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" LOCKHEED MISSILES & SPACE COMPANY



o | © LMSG/D156879

Isolatlon between beams was estimated by considerlng the probable 31de lobe

~and coma lobe performance of the candldate system and taking into consiaera—
“tion where such lobes would fall.

Complexity was scored primarily on the~numbef'6f feeds and the nﬁmbér ofire-

 Af1ectors required for each candidate.

Rank gmmx@_ . Seore

1. D 577
2. | C D ' 563
3. U C 559
he B! & C! 549
6. B - 536
7. c 529

- Thé total ‘possible score was 690.
The dlfference in scores for all but candidate A are not as w1de as one’
would like to have to say that a decision is glearacut.: A rev1ew of this
analysis was madé by NASA-Langley with specific emphasis on. the relative
weightings which have been assigned to the dééired;objectiveé.

~ The techniéal mopitp:ysuggestédlﬁhét.in the area of spillover, our weightings
were t00whigh, aﬂd in)the.areavofwsystemvcomplexity, our weighting was too

low.
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Therefore; IMSC reviewed [he weighting of the épillover and system complexity.
As a result the weighting of_the spillover has been reduced to unity for each

‘of the spillover.wanﬁs, namely;

'
4

7 Minimum spillover of Time Zones into Canada/Mexico

9 Minimum spillover of Caribbean into Caribbean/S.America
11 Minimum spillover of Alaska into Siberia/Canada

13 " "Minimum spillover of 48 States 'into Canada/Mexicb

The requirement that the multiple beam antenna system have minimum cbmplexity
(want #16) had been weighted fow . This was raised to seven, a weighting on-
ly slightly less than that for the coverage of the three outer regions (Alas-

ka, Hawaii ad the Caribbean.

In addition, the\gcores of the candidates for all the "wants" were reviewed
very carefully. in-particulér the scores for coverage, complexity and elec-

’ - trical performance were re-examined and in some cases revisions were made.

For those candidates and' wants whose weightings and/or scores were modified
B . new weighted scores were entered into the Decision Analysis Tables.and new
weighted scores of the eight candidate antenna gystems were calculat.d. The

new total weighted scores, in order of ranking are:

Reniing  Alternstive .  Paraboloid  Total W Seo
1 B 9.9 x 5.8 ft. Elliptical 544, ’
2 c 9.9 x 14 ft. Elliptical 533
3 A' 30 ft. Circular 499
4 B! Two-30 ft. Circulars 493
Ct Four-30 ft. Circulars
D ~ 20 ft. Circular 492
7 D! Two-20 ft. Circulars 478
8 A 9.9 ft. Circular 414
o
L8
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The maximum possible score was 650. The KTA trade-off aralysis is presented

in detail in Tables III and IV.

The KTA analysis shows ."~ the 9.9' x 5.8' elliptical paraboloidal reflect-
or to be the most promising candidate for the study with the 9.9 x 14 ft.
ellipfical paraboloidal reflector a close seond. It was decided that the
smaller elliptical reflector represented the o nceptual design while the
second offered a suitable alternative.

2.11 ° Reflector Test Philoso

The analysis presented up to now in this report rerresents the completion of
the development of qgnceptual designs baged on the performance analysis of

candidate reflector antenna systems.

In_October 1972, a doqgment furnishing all operational antenna reqUiremenfs 

. was prepared and transmitted to NASA-Langley. It contained a description

and list of tne specificatidns for the two candidate reflector antenna sys-
tems. ' o ‘ R
‘1. 9.9 x 5.8 ft. Elliptical Paraboloidal Reflector Antenna
. 2. 9.9 x 14.0 ft. Elliptical Paraboloidal Reflector Antenna

~
3 .
. ,L-. BN .

The major diameter/minor dlameter ratios of the two elllptical parabolo1dal
reflector antennas are:

Congcept - - Reflgctor Sige " Diameter Ratio

1. 9.9 x 5.8 ft. . 1.707
2. 9.9 x "14.0 ft. 1.414

- If these diameter ratios were identical the same ellipfical reflector could -
be used to test both concepts by appropriate Scéling of frequency.

~ In order to make the diameter ratios equal the best compromise is to decrease

' the ratio for the first concept and increase it for'the secund. For both

- concepts this implies decreasing the E-W diameter and/or-increasing the N-S

diameter.

1
}
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IMSC-D156879

'The increase in the N-S diameter of the second concept causes a decrease in

the N-S beamwidﬁh for this reflector but_this’can be corrected, if'hecessary,i

- by aﬁCHange in the boresight of the feeds illuminating a particular time zone.

If a 9 33 % 5.8 ft' reflector is used for tesﬁing the firsf concept at 4 GHz

then a 5. 8 x 9 33 ft. reflector can be used for testing the second concept at
6.43 GHz. That 1s, the reflector used for the flrst series of tests is then

rotated through 90 and fltted with a second set of feeds operating at a fre-
quency scaled by a factor of 1.6.

In order to examine this_approach in more-detail,-footprint contours for

reflectors of‘theSe'Sizes, with appropriate boresights for the feeds,-Were’ﬁ

' generated.

These contours showed that the coverage of the four time zones. by the smaller

(9. 33 x 5.8 ft) reflector is almost identical to that provided by a 9.9 x

5.8 ft. reflector. That 1s,the change in the E—W diameter from the conceptual
size (9 9 f£t.) to the proposed experlmental size (9.33 ft. ) has an 1ns1gn1f1-

cant effect on the footpr1nts.

These contours algﬂ-zhow that the coverage of - the four tlme -Zones by the larger.
(9. 33 x 15 ft. ) reflector is almost 1dentlcal to that prov1ded by & 9.9 x
14,0 ft. reflector, - "Boresights were changed sllghtly to compensate for the

change in_sise.v.Qorneri"clipping" of the time zones was kept the -same.

' Since the changes ‘in reflector size‘had little effect on the coverage of the

time zones, detalled d1scus31on of the footprlnts, already provided in previous f
Monthly Technlcal Progress Reports, is not now warranted. The approach of us1ng '

a s1ngle reflector to test, experlmentally, two concepts has ‘been val1dated

- -50-
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3.0 RE-DIRECTION

On November 18, 197i, IMSC was notified by NASA-Iangley, that the study would
be redirected. Instead of using one and two feeds with an elliptical para-
boloidal reflector to illuminate.each individual U. S. time zone it was
decided to ﬁse a large circular paraboloidal reflector with multiple feeds
to illuminate & single time zone . In particular, a 30 ft. diameter para-
boloid with about ten feeds covering just the Eastern time zohe would be the
conéept to be tested experimentally. In addition to the technical redirection,
C was advised that additibnal time of two months would be allowed for com-

pletion of the program, though no additional funding would be availabie.

Upon receipt of the message that the study‘would be redirected all work
directed towards the testing ofvan elliptical paraboloidal reflector was

stopped.

All work was then directed towards the 30 ft. diameter circular paraboloidal

reflector antenna concept.

3.1 Antenna System

At the time the 30 ft. diameter circular paraboloid waé first investigated,
it was determined that about ten feeds would be required to synthesize a
beam which would provide coverage of the Eastern Time Zone. This particular
time zone was selected becausgiits geographical shape is such that it is the
most difficult to cover-qomplétely without, at the same time, creating
serious spillover into déhsely populated regions of Canada;s Ontario and

Quebec provinces.

This beam synthesis technique appeared to be very promising in that it
yielded good coverage of the Eastern Time Zone with less spill-over into

Canada than resulted from the use of a smaller elliptical paraboloidal

y
|

\

s
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reflector. It also had the potential for a considerable amount of beam:shap-f

ing by adjustment of the boresights of the individual,beams.

The characterlstlcs wh1ch argued agalnst a large reflector antenna system
were its size, Welght, stowed volume and complex1ty, particularly the com~
'plex1ty. Wlth four time zones and three outlylng territories to cover such

a reflector requlres about forty feeds each of whlch must be carefully pOSl- .

tloned and orlented

v_‘However;'since the elliptical paraboloidal reflector concept employing only
~one or two feeds for each time zone presents Tewer difficulties, it appears .’
that the more complex large reflector system is more worthy of 1nvest1gat1ng :_
by an exper1mental test program. If the beam synthes1s technique can be

- realized experimentally: th1s antenna concept will prov1de much better coverage

~ with less splll—over, and a hlgher gain.

The.large reflector will be tested for coverage of the Eastern.Time Zone only.
Successful coverage of this Time Zone implies that there should be no diffi-~
culty_in providing coverage of'the other three‘Time Zones and the three out-.
lying territories. . In other words, the experlmental program is much more of
the nature of a feas1b111ty study than would be a program o test .a smnll

elllptlcal parab0101dal reflector.

As a first step in implementing this change, a detailed evaluation of the
results of previous analysis of ‘the Eastern Time Zone was undertaken. The
objective of this reevaluation was to optimize the ‘number and locations of

the component beams to ach1eve better coverage w1th, 1f p0551b1e, fewer. beams.

. The computer program which has been used and modified during this study.was;;
originally written in 1968 for another multiple beam study. As originally
' written, the program, when summing several component beams, did not renormaI;
ize'with respect-to the peak value of the composite beam thus formed.  This

- was done to retain the original reference and this fact was not realized at
52
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first. Although the coverage contours shown in previous reports for composite
beams (made from two or more beams) are correct, the decibel values for the

contour lines shown refer to the peak of a single component beam.

Whén the detailed structure of the coverage contours for the thirty-foot
reflector (as previously configuréd) was examined, it was found thét near the
center of the Eastern Time Zone a "pile-up" situation océuired where several
component beams were contributing to thé coverage. As a result the peak Value
of the composite beam was +2 dB, making the -3 dB contour actually the -5-dB
contour when referred to the peak of the composite beam. It was clear that
either-the beams should be reboresighted in a more widely-spread configuration
or the number of beams should be reduced. The latter choice was more desirable
for two reasons: -(l) spreading the beams out would tend to increase the area
covered, and (2) reducing the nﬁmber of beams would tend to reduce the complex-
ity. In either case, the beam to beam separétion would be reduced; thereby

alleviating one of the more critical problems.

Accbrdingly, effort began to see how wéll the4338§erp‘Time,Zgne_could be
covered b& using exactiy eight beams. While it is desirable to have as few
beams as possible, there is strong argument for héving the number of beams

- equal a power of 2 if the power distribution-among beaﬁs is to be even; this
results in a eimpieMpower dividing network fashiqned after a family tree or
corporate structure. Covering the Eastern Time Zone with only four beams,
the next . lower bower of 2, did not turn out to be feasiblé (using a 30 foot

reflector).

Fig. 56 represents a "first look" at using eight feeds to;céver the U.S.
Bastern Time Zone. As in previous contours presented, the satellite is in
synchronous orbit at OON, 1120W and the operating frequency is 4 GHz. The‘
boresight of the eight feeds illuminating a 30 ft. diameter paraboloidal

reflector are:

LOCKHE‘;ED. MISSILES\& SPACE COMPANY
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Béam - Latitude Longitude
| | W (°w)
| a .o 70.0
i B 37.0 6.0
\ c 31.5 , - 82.5
N LD 27.0 k 82.0
. E 36.0 ‘ - 83.5
OF Sbis o . T8.0
G 41.5 . 8h.,5

H 46.0  86.5.

Itﬁcan be seen-from Fig;56‘that there is'some spiil-over’into Canada. For
éxample, within the -3 dB contéur lie parts of Soutﬂ;West-Ontario, including
Windsof, the’Canadian'city of Sault Ste Marie,-the Eastern ToﬁnshiPS'regionf
of Quebec Province and part of New Bfunswick, including Frederickton. Like-
wise, there aré some regions of the Eastern Time Zone whichAlie withdut the.
-3 dB cdntour; notably>Southern Flofida including Miami, Eastern Mississippi,
the Flint-Port Huron area of Michigan and parf of Maine east of Bangor. Also
: There is Some“spill-over of thé -3 dB contour into the U.S. Central Time Zoﬁe,‘

but this can be isolated by polarization diversity.

=54
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3.2 Contour Angl¥sis

Flgure 57 shows the Eastern Time Zone covered by a composite beam summed from
elght 1nd1v1dual beams with dlfferent boresights, The boresights of the eight
/, beams are: | -

45° N 70° W

b1.5°N - 78.5° W

45.5° N 85.5° W

u° N - 85° W

36° m &° W

31.5° 8 82.5° W

o° 8% W

37.5° N 76.5° W I - .

It can be seen from Figure 57 that the -3 dB contour with a féﬁ exceptions
follows the outline of the time zone. The spillover into Canada can be-
viewed in three separate areas.. The large.amdunps spilling over into north-
east.Canada and the Maritime Provinces is unavoidable if the mnortheastern
part of the Unlted States is to be covered as the Earth is falllng away
rapidly at this angle from the satellite and the beam elongates. The beam
falloff between southwest Ontario and the Eastern Townships reglon of Quebec
province is rapid ahd represents a significant improvement from the ellipti-
cal reflector contours reported earlier. In the ideal case of ‘& square-sided
beam there would be no sPillovef into Cana&a in this a}ea. However, this |
energy drop-off represents the best possible from a realistic beam produced -

from this size reflector while still maintaining good U. S. coverage.

The spillover north and northeast from Michigan is also‘undesiréble,'but can
be reduced to similar levels as those from southwest Ontario eastward, by

- allotting the coverage of northern Michigan to the Central Time Zone beam. ‘

—J/‘-”

=55~

i : i :
LOCKHEED MISSILES & SPACE COMPANY



IMSC-D156879

Figure 58 shows a summed 8 beam Eastern Time Zone .contour which bypasses
coverage of northern Michigan. The coverage elsewhere is similar to that in
Figure 57. The spilldvervfrom Sault Ste. Marie thru Quebec province is sub-
stantially the same and, again, although not ideal, is significantly-improved'
ovef beams from smaller diameter reflectors. The boresights of these eight

beams are

o e}

45° N 707 W
b.5° N 79° W
12° W 85° W
36° N 83.5° W
31° .8 85 W
28° W 81° W
33.5°N  79.5°W

e}

38.5°N  75° W

A brief investigation was undertakeh to evaluate coverage of each of the
other U.S. Time Zones as well as Hawaii, Alaska and the Caribbean. Examplés
of coverage to theSe other areas are shown in Figufes 59<£hrough 62. As
before,_the satellite is a 1120 W. Longitude and the reflector boresight is A
“at 37° N. Latitude and 112° W. Longitude. The reflector diameter is 30 feet
operating at a frequency of h_GHz; .

Figure 59 shows the -3 db and -20 db contours for single beam coverage of

A : _ o :
Hawaii. The boresight of the beam is at 20.5 N. Latitude and 157.50 W.
Longitude. All the main islands of the Hawgiian chain are within the beam's

3 dB contour.

Figure 60 shows the -3 db and -20 db contOursAfor single beam coverage of the
U. S. Caribbean territories. The boresight of the beam is at 18° N. Latitude
and 66° W. Longitude. Within the 3 db contour is Puerto Rico and the U.S.

Virgin Islands. There is no spillover into Northern South America but there

is some into the Dominican Républic. This spiliover could be improved by
- ~56-
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positioning the beam aim point further eastward so that the Western edge of

the 3 db contour lies on western Puerto Rico.

Figure 61 shows the -3 db and -20 db contour of a first attempt at a composife

beam from four individual beams to cover Alaska, The boresights of the four

beams are:
59° N. Iat. 157" W. Long.
60 " 140 "
62.5 " 151 "
o7 " NLTS

Because of the large size of Alaska and the relatively small beamwidth of the
30 ft. diameter antenna beam, one beam is not sufficient to cover Alaska.
Additionally,'it is obvious that two beams are not sufficient, énd also that
the composite four beam coverage does not include all of Alaska within its

3 db coﬁtour. The particular areas not covered will depénd on the location
of the individual beam boresights. If full coverage within ﬁhe 3 db contour
of the geographical outline of>Alaska is ah absolute requirement, then more

' than four beams will be required.

" Figure 62 shows the -3, -6, -9 and -12 db contours of an eight beam composite
to cover the U, S. Pacific Time Zone. Although not»perfecf, it does show

that the time zone can be fitted to an eight beam composite-with & rapid beam
fall-off into Cenada and Mexico. No contour analyses were done on either the

Central or Mountain Time Zone. The boresights of the eight beams are:

34,5° N. Lat. 115° . W. Long.
4.5 " 120° "
40 " 115° "
40 . : 120° "
Ty " 125o "
46.5 " 115° "
w65 " 120° "
46.5 ? . 125° "

i

%._ 57~
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At this time, the analysis had essentially reachéd the point where additional
refinements of-pontour shape snd individual beam location using analytical
functions for the antenna batterns would not aid in the design of the test
configuration., The analysis is valuable in that from the required beam '
locations, it provides a baseline location of the 8 feeds in the focal plane’
of the reflector. It is anﬁicipated during the test phase that relative

. feed locations will'have to be changed from their baseline locations to.com-
pensate for those things such as mutual coupling and feed support reflections,

which cannot be incorporated into the theoretical analysis.
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4.0 FEED SYSTEM DESIGN AND FABRICATION

4,1 }Feed'Design

Although the number of béémé reQuiredvfor thé coverage of the U. S. Eastern
Time Zone has been set at 8, the location of the feed phasé centers in the :
focal plane of a paraboloidal reflector still produces cdhsiderabie overlap_
between adjacent aperture if "normal" 10 db edge taper waveguide horn aper-
fures are used. To achieve thé_samé_electrical performance from a phyéicéilyvj
smaller aperture, a dielectric loaded feed has been designed and'tested;j'This
feed is a combination of a broadéide radiating waveguide horn antenna énd'an
end-fire radiating poly-rod type antenna. By>comparison with measured data

on sectoral (air) waveguide horns, such a horn would have to be 1.3 times as' ,
wide in the E-Plane, and 2.3 times as wide in the H-Plane, to give the same

electrical performance.

.,The details of the feed horn design are. shown in Figs. 63 thru 71. There are
several primé.sources of réflections_affecting.the.impedance match of the
antennéé. Four of these or about half of the sources are quite critical

' dimensionélly. Thesé gre>the'details of the cOax:fo tefionffilled waveguide

| transformer, only the external appearance of Which is shown in Fig. 63, along

| with the pre-assembly waveguide details. of Figs. 66 thru 69. .The length of the
extended center conductor éxtending from thefcoaxiAI flangqlbf Fig. 63 dowh_ ‘
into the .3&0/.350 inch depth #63 drill hole in the teflon of Fig. 66, the
position of this hole from the shorting baék section, and the fiiling of this
section with teflon (air gap between teflon face and shorting back plate) are
all critical to within Q.OO3 inch. The degree of flushness of the soldered .
outer conductor of fhe coax to.the coaxial'fiange face and in turn to the top
thick wall section (.094 nominal stock + 0.0MO nominal RG-91 W.G. wall + braze
alloy) shown in‘Fig. 66 constitutes a critical part fabrication and assembly

set of problem details.

29
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The functional but not so crltlcal reflection sources are at 1, 2, and 3 (of
'Flg. 6B). Although not dlmen31onally critical, per se', the presence of these
1nd1v1dual discontinuities along with the comglomerate of reglon 4 (discussed
above) and the variation from perfectlon in the basic connector 5 as well as
its assembly to the coaxial section, spread as they are over several wave-

' lengths, result in an interference pattern in the input VSWR (measured at 5)
'which goes through several cycles over the 8 to 11 GHz antenna bandwidth. Any
slight differences in electrical length of the coaxial section itself, waveguide

sections from 4 to 3, and 3 to 2 and “teflon radiating'section from 2 to 1
although not affecting the input 1mpedance apprec1ably, will have flrst order
effect on the degree of phase matchlng of one antenna relative to the others.
Any air gap layers ‘between the walls of the teflon and the- conducting walls of\

. - . eL . ™ ) \\.
the waveguide in sections 2-3 and 3-4 (Fig. 63) in addition to_any basis inner

- to antenna phase matchlng from the. 1nput at’ 5 to the phase center of\the radlatlh

structure somewhere between 1 and 2.

It was the necessity of minimizing these phase differences from and including.
the discontinuity at 3 to the termination of the flared waveguide section at 2,

that required the electro-forming of this part of the antenna.

In order to obtalneﬂeCﬁDform'to basic wavegulde contlnulty at the wavegulde
to flare junction the wavegulde wall had to be chamfered to knlfe edge
(practically zero thickness) as specified in ‘the draw1ng of Flg. 67. A first
V’try of 0.005 to 0.010 inch maximum flat was not sufficiently thin to provide
enough electric field at the teflon waveguide interface to deposite copper

resulting in continuity across the junction.

Although in the finished product only a few mils of copper is required to meet
application mechanical and electrical requlrements, it was found that extra '

thickness was required for fabrication.

~60-

LOCKHEED MISSILES & SPACE COMPANY

{ .



IMSC-D156879"

. |

In the process a very hard copper oxide crust formed on the outside.althoughv
less than one mil per h‘ur deposition rate was used in ordervtb thain a finév
grained inner surface. Since the only place to accurately hold the resulting
~part in order that the flared section could be machihed back_to the required
~tolerance (see Fig. 6h) waé the accurate angle smooth wali waveguide section,:
the electroformed wéll thickness was increased to .O35-.OHO inch to provide :
a strong enough joint at the waveguide - flare.interface to prevent it frbm_{
breaking as a result of the high initial torque thereon while the mil cutter j=
cut through the hard surface at 2. R

4.2 Feeding Network Design

 As discussed in the analyses, the composite beam is formed,by,thebfar—field
sunming of eight ihdividual beams with equal amﬁlitude and'eqﬁal'phase.‘ To .
-imblement this equi-phase, equi-amplitude"distributién in the measurement
portibn of this study, a commercial 8-way coaxial power divider was purchased
from Anaren Micfowave Inc, Syracuse, N.Y. (Model 40590, Serial No. 02). To
connect the power divider to the feeds;8'inter¢onnecting Semi-rigid aluminum
Jjacketed coaxial_cablesjwére fabricéted. Tﬁé électrical'performance of these

components is discussed in the next section.
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5.0 FEED SYSTEM TESTS .

The following tests were performed on the components which meke up the com-
plete Feed System.  With the exception of the feed horn patterns, all the
measurements Were_performed using a Hewlett-Packard Network AnalyZervusing

swept frequency techniques.
5.1 Feed Horn-
5.1.1 VSWR

The VSWR of each feed was measured over the frequency range of 8 to 12 GHZ. .
The VSWR wasnfirst~measured of the individual feeds iSolated from each other.
Then the feeds were mounted in a cluster representing the relative spatial
relationship needed to echieve the reqnired.composite beam when these feeds
are used. to illuminate a parabolic reflector (see Fig. 72). The VSWR of
eaeh feed,'isoleted and in the cluster, are shown in-Fig's. 73'thru 80. At
10 GHz, the VSWR ranges from a minimum of 1. 2 to a maximum of 1, 65 to 1 for
all feeds. The difference in VSWR for any given feed from the 1solated con-
dltlon to the clustered condition is very small. The only appre01able dlffer;

" ence is for feeds "B" and "E".

5.1.2 Feed Patterns

Measured pr1nc1pal plane pattern of one feed horn, every 500 MHz from 9 to 11

GHz (with hS plane patterns at 9, lO and 11 GHz), are shown in Fig's 81 thru

85. At 10 GHz, the measured on-axis gain is 10.6 dBi. S;nce the VSWR measurements
had shown a-sameness in ell the feeds,and to conserve time and money (both of .
which were scarce at this time in the study), no patterns were taken of the '

other feeds.

-
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5.1.3 Port-to-Port Coupling

The‘eight‘primary antennas were mounted on the feed support structure with
the relative positions in a direct one to one scale view as shown in Fig. 72.
‘This arrangement was deemed a practicable approximation to the optimum or
near optimim location of phase centers which was theoretically determined
without considering the effects of mutual coupling, mutual scattering, or
lateral defoeusing. Port to'port‘coupling measurements,were made for the

five closest eombinations as defined and plotted in Fig. 86.

At a frequency of 10 GHZ;'the worst coupling is -29 db between feeds B and E.
The other combinations were less than -30 db over the band from 8 to 12 GHz.
‘Thls higher coupling between B and E correlates with the H plane prox1m1ty

vbetween these two antennas as depicted in Fig.72.

5.2'v8—Way Power Divider -

5.2.1 VSWR

A:plot of VSWR looking into the input port of the 8-Way'power divider from 8
to 12 GHz is shown in Fig. 87 Each of the output ports was terminated in
50 ohms. The max1mum VSWR over th1s frequency range is 2. 3 to 1 at 8.4 GHz,

- At 10 GHz, the VSWR is 1.5 to l;' Plots of VSWR looking 1nto=the'output ports
are shown in Figs. 88 thru 90. Each of the other output ports and the input
port were términated-in SO.ohms;f At 10 GHz, the VSWR varies from-1.15 to

. 1.37 to 1 for the 8 ports. ‘ ‘ B '

5.2.2 Power Divider Port to Port Coupling

Curves of coupling, between four combinations of'output ports over the range
8 to 12 GHz are shown in Fig.;9l. At 10 GHz, the typical coupling is -27 dB.
All other combinations of por?é had lower coupling values,-

f .

\
k. .‘ B ! -
-63-
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5.2.3 Power Divider Amplitude Distribution

The amplitude dlstrlbutlon for the 8 output ports relative to the input port
is shown in Fig. 92 These measurements were made over the range of 8 to 10
GHz. At 10 GHz, the amplitude level for all 8 output ports varies from A
-9.9 dB to -10, 3 dB relative to the power at the input port Since an 8-way
equal power division with zero loss is -9 dB, the loss through the coupler
1s 1.1 dB - O 2 dB,

5.2.4 Power Divider Phase Distribution

The relative phase distribution across the 8 output ports as a function of
frequency is shown in Fig 93, At 10 GHz, the variation in phase between

the 8 output ports is ~ O 37 degrees from a nomlnal value.

5.3 Interconnecting Cables

As the 8 semirigid coaxial cables were fabricated, each one in turn ﬁas phase
metched to each other. At lO GHz, the phase variation through the 8 cables
relative to each other was - 2 degrees. The meximum VSWR was 1.15 to 1.

6k
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i e IMSC-D156879 .

6.0  ‘REFLECTOR DESIGN. AND FABRICATION

The test reflector is a 12 foot diameter circular'paraboloid with an F/D
ratio of 0.525 and a surface accuracy of 0.040 incheé R.M.S. A top assembly .
drawing is shown in Fig. 94 and detail component-drawingé are shown in

Figs. 95 thru 113. |

The reflector was purchased from Structurai-Technology Ine. (Santa Clara,
California). It is made of solid fiberglass laminate 0.40 inches thick coated
with a thin layer of conducting material on the front parabolic surface. Its

approximate weight is 360 pounds.,

The feed support spars form a quadri-pod. The spars were fabricated of 1.5
- inch diameter by .065 wall Aluminim alloy tubing (6061-T5).

- The positioning and adjusting fixtures were incorporated .to allow axial and
rotatlonal movement of the feeds.: These fixtures would not be incorporated

1nto an end product design.

‘The spars were secured to a 13-inch square plate “lying about 1 foot behind

the focal plane away from the reflector vertex. |

The feeds were mounted to ﬁn.alumihumypléﬁé‘with'fWO'sets'of 8 holes lochted
in one case to pOS1t10n one feed on the reflector axis and in the second
-case to position this same feed O 500 inches up and 5. 40O inches over from

_its on-axis position.
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7.0 REFLECTOR TEST

~7.1 General .

>The reflector tests with eight feeds fed thfough a corporate feed network were
“performed at the IMSC Large Antenna Test Facility located at Santa Cruz, Calif-.
‘ornia. The test reflector is a 12 ft. diameter, circular parab0101d with an
_'F/D ratio of 0. 525, and a surface accuracy of O, 040 inches. The tests were

run at a center frequency of 10 GHZ (2/5 scale from a 30 ft.‘diameter at A'GHz).

Even with this feed design described earlier eeme manipulation of the feed
;positions.was still necessary to fit all eight feeds in a desired spatial re-
 lationship., The centerline location in the focal plane of the reflector
relative to the reflector axis for the eight feeds of both the on-and off-axis
cluster is shown in Fig. 113, For the on-axis caee, Feed "F" is on the reflec-
tor axis; for the fo-axis.case, Feed "F" is located 5.400 inches over and -
0.500 inches up from the reflector axis. The resultlng comp031te theoret1ca4
contour from either of these two feed clusters ie shown in Fig. 114 Although
the -3 dB contour is not the same as those described earlier in the analy31s
sectlon, it was decided to use these feed positlons in the measurement program
as they rep:esented a best compromise between the theoretical . and practical,

The reflector as shown in Fig., 94 was mounted to the upper azimuth table of a
801ent1flc/Atlanta A21muth over Elevation over Azimuth 3-axis pedestal inside
a %5 foot, diameter alr-supported radome, The transmitting site is located
across a 1500 .foot deep canyon 5700 foot away from the receiving site., A four
foot diameter reflector with an X-Band waveguide horn feed was used as the . ~
transmitting antenna, - A standard Scientific Atlantafmmepodyne measurement
gsystem was used to record the pattern. A block diagram’of the measurement
system is shown in Fig, 115. The reflector mounted on-site is shown in 2
different views in Figs. 116 and 117. '
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7.2 Single Horn Tests

U81ng the feed location diagram of Fig. 113, a single feed was placed in posi-
tion "F" of the on-axis cluster. Feed "F" was aligned to 11e on the reflector
axis, The alignment was performed in the follow1ng manner._ The manufacturer
had left a 5 inch diameter hole in the center 6f the reflector.- A circular

- wedge with a 3/8" diameter hole drilled through its center was press fit into
this 5 inch hole, A 3/8" diameter alumimm tube 24 inches long was inserted
thru this hole, This tube was blocked at both ends with plugs having a 1/16"
diameter hole with cross hairs in the holes. When viewed thru this tube from
.behind the reflector, the field of view at the focal plane was approximately
one-half the area of the'feed horn dielectric tip for all motion of the tube,’
While one person looked thru the tube from behind the reflector, a second
-laterally adjusted the feed until it was aligned,

Secondary E - and.HFplane patterns (Elevation and A21muth planes respectlvely)‘

were measured with this single feed mounted on-axis as its axial position was:
varied in steps., The theoretlcal focal plane for a 12 foot diameter parabo-
loid with an F/D ratio of 0.525 is 75.6 inches from the vertex, The single
feed was axially moved so that the dlstancelfrom the reflector vertex to the -
tip of the dielectric in the feed horn varied from 73.6.to 77.6 inches. The -

on-axis feed position that gave maximum gain and deepest first nulls was

75 + 4 inch., This would place the equivalent phase center of this feed horn

gbout one-half inch in from the tip of the dielectric.

'*All.of the remainine'petterh tegste were taken with a #ertex to tip distance of v'

.75 inches.

Next, all of the 8 feed horns were mounted to the feed support plate in thelr"

proper relative orientation as determined from the analy31s. The 8 feeds
mounted in- the focal plane of the 12 ft diameter reflector is shown in
Fig. 118, '
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The 8-way power divider and 1ntereonnect10n cables were then mounted and con-
nected to the feed horns. The complete system mounted in the reflector is
. shown in Fig. 119, The alignment was checked to ensure that feed "F" was

still on-axis.

Secondery patterns were measured of each feed in turn with the complete system
in place. The pattern for each horn was measured by disconnecting the inter-
- connecting cable from that horn and conrecting the mixer directly to the horm.
The input to the 8-way power divider was terminated in 50 ohms end_all of the

. other interconhecting eables were. left attached to the antennas and to .the

power divider, Patterns were taken of each of the eight beams for both the
on-axis and off-axis clusters. The on-axis patterns are shown in Figs. 120.
thru 127 and the off-axis patterns in Figs. 128 thru 135, As.the‘patterns
were being taken,_the angular bore sights'of the beams were measured relative
to the bore sight of feed "F", These results will be discussed in the mext'

section,

7.3 Com@osite’Patterms

' The ultimate goal of the measurement program was to measure amplltude contours '

. of the comp031te beam for the two clusters of 8 beams and to transform these

: contours onto the appllcable earth areas, As dlscussed in previous sectlons,
" the eight feeds were connected through an eight way power divider and inter-
eonnecting cables, The mixer was connected to the input pbrf of the power
d1v1der and azimuth plane patterns were recorded for various elevation posi-
tlons. Only two of the three axés of the 3-axis pedestal were used so the
patterns were measured on an 821muth over elevation system. The measured
~azimuth patterns for constant elevatlon angles are shown in Figs., 136 thru
154 for the on-axis cluster and in Figs. 155 thru 178 for the off-axis

cluster,
The antenna system was considered to be located on a synchronous satellite

with its mechanical axis pointed to some point on the visible earth, then,

through a geometrical transformation’lines of constant azimuth and elevation
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Fig. 116 Reflector with feeds on site at Santa Cruz Test Facility (View )

Fig. 117 Reflector with feeds on site at Santa Cruz Test Facility (View II)
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Fig. 118 Eight feeds mounted in the focal plane of a parabolic reflector-on-axis cluster



Fig. 119 Eight feeds with combining network for on-axis cluster
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can be overlayed dnto the earth as a function of latitude and longitude. These
overlays are functions of the satellite longitude, the reflector alm point -

(latitude and 1ong1tude), and the antenna azimuth and elevation angle limits.

In our measurements, for the on-axls cluster of feeds, the reflector axis was
bore sighted to, 35 N. Latltude, and 83, 5 W. Longltude, for the off-axis -
cluster, the reflector was bore sighted to 37 N. Latitude and 112° W, Longitude.
Overlays of lines of constant azimuth and elevation onto the applicable earth
aregs are shown for the on-axis case in Figs, 179 and 180 and for. the - off-ax15
case 1n'F1gs. 181 and 1&, The satellite location for both cases is 112° W..
Longi tude. | | : -

To form the antenna contour,‘the‘sequence'Of steps is as follows:

(a) View all the patterns for the cluster of feeds measured. Find
- that pattern which has the maximum pattern response. Establish
this level as the O dB reference for the rest of the patterns.

(b) Choose any one of the constant azimuth patterns (for example,

‘the 0° elevatlon pattern).

(c) - Find the angular azimuth position(s) on both sides of bore
sight, where the relative signal level is down 3 dB from
. the peak level established in step (a).

(d) Mark this angular position on the azimuth and elevation over-

lay grid.

(e) Find the angular aaimuth positien(s); on both sides of bore
" sight where the relative signal level is down 6 dB from the
reference level, Mark these positions.on the grid overlay
(usually, different colored’ pen01ls are used to distinguish
between the different contour levels, e.g., - red for 3 4B,
blue for 6 dB, green -for 10 dB, etec.).
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(f) Find the angular position(s) for all other desired dB levels
and plot them on the grid,

(g) Repeat sequence (a) thru (f) for each of the other elevation
patterns.

(h) Connect up the marks of the same color. In areas of rapid
change of pattern level, both up and down, over small angular
increments, it is necessary to code the marks on the grid so
that the proper ones are connected. The usual procedure is
to add small horizontal lines to the vertical marks., If the
horizontal line is toward bore sight, this indicates the
pattern is decreasing in amplitude at that point; if the line
is away from bore sight the pattern level ié increasing at
that point, '

The contour plot is now complete,

ﬂThe amplitude contours for the on-axis cluster are shown for the Eastern U.S.
Time Zone in Fig. 183, and in overview form for. the continental United States
in Fig, 184. . Looking first at the expandéd time zone plot, the -3 dB contour
‘follows the time zone outline with the ekception,that it "necks in" between
30° and 35° N. Latitude., The -6 dB contour follows the time zone outline with

the exception of some broadening in the West-Central, and North-West portions.

As was pointed out in the analysis, there is no chance of reducing the spill-
over in the North Fast Section, due to the falling off 6fAthe earth away from

the satellite, nor in the North West Section due to the beam positions necessary -
‘to cover Northern Micigan., -The spill-over above the North Central area is not

as rapid as predicted but still is 25 dB down from the peak signal at 49° N.
Latitude. |

- Looking at the overview, the signal levels in the Mountain Time Zone is most
important, If a complete system with multiple reflectors were used to cover
all U.S. Time Zones, alternate zones would be crossed polarized, Thus, the

TO
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| signals in the Eastern and Mountain Zones would be co-polarized. The pattern
levels in the Mountain Time Zone from the Eastern Time Zone beam are between

-20 dB and -30 dB from the pattern maximum.

These levels are strongly influenced by the feed support structure. It has
-been pointed out earlier that a superfluous amount of metal structure was used
in these tests for axial and angular positioning of the feeds, In an end item
'sysfem,*théselévels would be reduced from the levels shown here, and most

likely, would be on the order of -30 dB from the co-polarized beam peak.

The amplitude contours for the off-axis cluster are shown for the Eastern U.S,
Time Zone in Fig, 185, and in overview form for the Continental United States
in Fig. 186, The Eastern Time. Zone contours. are very similar to those from
the on-axis case, The -3 dB contour follows portions of the time .zone outline,
but where in the on-axis case, the pattern "necked in" between 30° and 35° N,

. Latitﬁde, it now is disconnected in this area, The -6 dB contour again follows
the time zone outline very closely, It comes in slightiy in the South West
portion but does not elongate as ﬁuch north of Michigan, The spill-over is
rapid in the North Central Section and again, unavoidably, elongates in the
North East, V | - ' | ' o

.An additional consequence of the off-axis feeds, is the presence of a composite
coma lobe, In the lower left-hand corner of Fig, 185, a lobe exists which is
‘less than 6 dB down from the beam maximm. The structure of these lobes is
more apparent when looking at the overview in.Fig. 186, These relatively A
high coma lobes all fall in the Central Time Zone,

It should be remembered that, this off-axis feed position is where these feeds
would be if additional clusfers of feeds were present for coverage of the
other 3 time zones from a single reflector., To re-use frequency, the beams
for the eastern and central zones would be cross polarized. Thus, these high
coma lobe levels become unimportant, as orthogonal polarization is used for

isolation between these 2zones.
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The co-polarized pattern levels in the Mountain Time Zone are better than those
frdm‘the on-axis case but still are in the range of -20 dB to -30 dB from the

. beam maximum, The same rationale for expecting lower levels in an end item
syétem as was used for the on-axis cluster apply here aléo.

To investigate other factors which may have contributed to the small differences
between the contours predicted from the analysis and those measured, the indi-
vidual beam bore sights were_measu}ed. In each case, the beam resulting from

~ feed "F" was positioned at 35° N. Latitude and 83.50 W. Longitude. All other
bore sights were measured relative to this "F" position. The calculated and
measured beam bore sights are shown for the on- and off-axis clusters in
Figs. 187 and 188 respectively, The small differences befween computed and
measured bore sights are considered to be within experimental error, whén one
conéiders'that, for example, at beam position "A", a change of .05 degrees in
azimuth results in a‘change of 6.5 degrees in longitude, and a change of 0.05

degrees in elevation results in a 0.7 degree change in latitude.

7.4 ~Crogss Polarization

Since frequency re-use is a consideration in a complete domestic communications
system, the relative level and angular location of cross-polarized energy from
the composite beam is of major importance. The cross-polarization component

was measured in the following manner:

For both the on— and off-axis feed clusters, the reflector was set to that
azimuith and elevation position at which the reflector axis would be bore
sighted to 35° N, Latitude and 83.5° W, Longitude, Thus, in the measurement
set up, the reflector axis was pointed directly at the transmitting antenna.

A co-polarized signal level was established near the top of the recorder
chart paper (the total dynamic range was 40 dB). The feed in the transmitting
antenna was rotated about its own axis until a minimum signal was obtained on

| ~the recorder, In both the on- and off-axis cases, the recorder pen dropped to
the bbttom of the chart, indicating a cross-polarized level, relative to the |
co-polarized level, of -40 dB.
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It should be noted that the rotation of the transmitting feed was to a position
where the cross-polarized signal was a minimum, This position is not neces-
sarily 90° from the co-polarized position, nof is it important that it be 900.
In actual operation, a user on the ground would line up his system by "nulling
out" on the cross—polarized signal, and then rotating his antenna 900 from this

position,

No attempt was made to measure the transmitting feed position where the com-
posite beam cross-polarized beam was a minimm, As a generality, however, it
can be said that the feed positions were not 90° from the co-pélarized position,
the two positions were different for .the two cases, and the maximum deviation

from the 900 position was about 50.

Cross-polarized patterns were recorded for each azimuth and elevation position
that the co-polarized patterns were recorded. (The rotational position of the
transmitting feed;was extremely sensitive so that when the feed was tied down

to record these patterns, the level on the recorder paper actually was estab-

lished about 31_dB down from the co-polarized level). The level at this

angular position was the highest level recorded over the complete contour.

No cross-polarized patterns are included in this report, as most of the pat-

terns rongigt of a straight line along the bottom of the pattern paper.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The following conclusions are made regarding this study effort:

(1)' A 30 ft, diameter reflector operating at a frequency of 4 GHZ,
~ and with 8 feeds, fed with equal amplitude and phase, was
dééigned to produce a composite pattern whose shape followed
the irregular outline of the Eastern United States Time Zone

when the antenna was located on a synchronous orbit satéllité.

(2)- A reduced physical size feed was designed and proved successful
which allowed the eight feeds to be spatially located in their
proper relative positions to achieve the required composite
bean, _

(3) Eight feeds and the required feeding network were fabricated

 and tested in a 12 ft, diameter paraboloid at 10 GHZ (2/5 scale).

. Two separate focal plane feed cluster locations were used; one,
on-axis, to simulate the situation when multiple reflectors
would be used to cover the four time zohes (each reflector bore
sighfed'to the applicable time zone).and, the second, off-axis,
to simulate the situation where onereflector would be used to
cover all four time zones (the reflector would be bore sighted
to Salt Lake City and the 4 feed clusters would be offset

accordingly for the particular time zone to be covered).

(4) The measured éomposite patterns followed the outline of the
irregularly shaped Eastern United States Time Zone,

(5) The measured com?ositelpatterns agreed with the patterns

predicted from the analysis.
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8.2 iRecomméndations

This study involved a large proportion of analysis compared to the experi-
ménﬁal work completed} A large effort dealt with making the basic selection-

_ of an appropriate antenna approach, and with developing analytical tools and
".computer programs to aid in the analysis of‘possible candidate systems and
to facilitate evaluation of the experimental results.

It is recommended that a follow-on program be initiated which would reverse
" the agpportiomment of effort into analytical and experimental_areas.‘ The
analytical tools developed here would be used to predict beam bore sights
and feed positions appropfiate for aéhieﬁing shaped beams required for the
Central,Mbunfain,'and Pacific Time Zones (feeds for coverage of Hawaii,
Alaska; and the Caribbean could be'included). . Computer programs developed
here would also be used to provide the necessary grids thﬁt have allowed us
to display and interpret experimental results. | |

The refléctorvand feeds degigned in this study could be used, or, as part
- of a more detailed investigation into pattern coverage 1imitations attribu--

table to feed interaction, an improved feedvcould be designed,

Additional feeds‘woﬁld be fabricated during thé proposed follbw;on progran,
such that when used with the appfopriate parabolic refleétor, time zone
(and other desired coverage area) beams could be synthesized. Patterns
would be measured and displayed for a complete system in both the:dominant
‘and the orthogonal polarization modes so as to provide information on both

the coverage provided and the potential interference with other beams.

75

LOCKHEED MISSILES & SPACE COMPANY.




