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4. EEPMETRICAL AND BEAM POINTING CONSIDERATIUNS

Thig section develops the MBTA mounting and beam point-
ing parameters and derives the optimum rotation axis angle for
matching the conical scan surface capability of the MBTA to the
geosynchronous arc. The derived results are a function of the
latitude and differential longitude of the antenna. The effect
of fixing the rotation axis angle to one value independent of
antenna location for a DCSC system deployed worldwide is also

evaluated.

4.1 LOCAL ELEVATION AND AZIMUTH ANGLES FOR BEAM POINTING

For a geosynchronous satellite, all MBTA antenna mount-
ing and pointing parameters may be expressed® in terms of two
independent variables {v, i}, where

v = MBTA (north) latitude (4-1la)
A = MBTA (east) longitude - satellite (east) longitude (4-1b)

6.61 = satellite radius/earth radius.
The local elevation of the beam pointing direction is

and m

e = tan‘l{ mcos (v) cos () - 1 ] (4=2)
m YL - cos2 (v) cos? (A)

Several special cases of interest are as follows:

l. If A = 0° then

|

a. € = 0° when m cos (v) cos (A)

cos (v) = 1/m and v = 81,3°, (Note that v and A are interchange-
able.) If X = v, then cos? (v} = 1/m and v = 67.1°,




e TR

RS s

Multiple Beam Torus - COMSAT Labs
Antenna Study

"b. & = 5° when cos (v) cos (A) = 0.2363, If A = 0°, then
v = 76.,332°; if A = v, then v = 60,915¢%,

Figure 4~1 shows the local beam elevation angle for the MBTA as a
function of its latitude and differential longitude. When the
differential longitude, A, is zero, then

81.3° < (e + v) < 90° (4-3)

as shown in Figure 4-2,

The local azimuth of the beam pointing direction is mea-
sured clockwise from a north reference, as shcwn in Figure 4-3.
The equations for the northern and southern hemisphere local azi-

muth differ by 180°:

AZy . = 180° + tan~l [-‘-S‘—%’:—C] (4-4a)
' i

AZg gz, = tan! [E3E (4-4b)
elde Lsifi v

where AZy y, = 180° and AZg yz = 0° if XA = 0°, Also shown in
Figure 4-3 is the satellite angle (relative to the subsatellite

axis) to the MBTA:

o = tan-1 [/E_; cos? (v) cos? (A)] (4=5)

m - cos (v) cas (A)

Figure 4-4 shows several additional angle relationships
that exist when the MBTA and satellite position have been speci-
fied. The following are derived from the identities for a right

spherical triangle:

a. Cos Yy = CcosS A cos Vv,
b. cos Q' = sin v/sin vy,
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mounting and pointing of the MBTA:

= MBTA scan “plane® vector, and
horizon vector in the aperture plane.

(-

b.

Mo Rial

"

Both of thesc unit vectors lie in the aperture plene, as shown in

Figure 4-6., The local horizon vector a can be derfined as

gl toR; gE=0 (4=6)
] toF; geF = 0 (4=7)

where T is the radius vector from the earth center to the MBTA
locatiorn and R ig the beam poilnting vector from the MBTA to the
satellite position {in this case, assumed to be at the centgr of
the defined field of view), ag shown in Figure 4-7.

Iy
o !
| T
5 Multiple Beam Torus : | ' COMSAT Labs if
L Antenna Study ' : i
iy
c. sin (AZ') = sin )/sin w,' ;&
de tan o = r sin.w/(h - r cos %) = sin y/(m - cos V), *ﬁ
e. tan Q' = sin A/tan v, and 7?
£. 90° = ¢ = (y + «a). !
f Figure 4~5 shows the;geometrical basis for d and £. -Qf
g
, } , 4.2 MBTA LOCAL HORIZON AND SCAN YPLANLE® VECTCRS
Two additional unit vectors are used to describe the
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H = SCAN PLANE VECTOR OF TORUS

§ = HORIZON VECTOR IN APERTURE PLANE

Figure 4-6. Horison Vector q and
Scan “Plane" Vector p in MBTA
Aperture Plane

The vector relationships are

F = r(l cos v cos on + j cos v sin op % sin v {d-8Ba)
%= hii cos ¢s + 3 sin ¢sl (4-8L)

ﬁ = =T {4-8c)

(Rl =z vm? + 1 - 2m cos v cos A {4-84d)

T = hi~i sin ¢g + J cos ¢g) (4-8e)

~ - a2
The scan “plana® vector p is defined as

pltoR; pER=0 (4=9)

where ;; 1ies in the plane of K and T, and p+R x T = 0.
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The last important geometrical relationship can now be

given as

i - 1
tan @ = tan Q' cos a = (szn A)( 2 - cos Y (4-10)
tan v/\vm2 - 2m cos y + 1

This relationship is derived by noting that

i tan o E(&;g%gﬂ) (4-11)
o q+p
_; further, noting that
GarxR=—-(Ex D (4=12a)
BE (ExT xK==-(RxRxT (4~12K)
, : gives
. tan 0 = IR x ) x (RxRx T}
- S (RxD+*R» Rx T
D LExT) x (BB F - (TR Rl
: (R x ®) [(R-R) T - (T+R) RI
s _JRR@® 2T x T - (T-R)IMR x ¥ x )
= e = — {4~13)
~-(R'R}[R x r*T] + (T«R) (R x ¥«R}
=0

and since
ERxTrx = (RR) ¥ = (YR} R
RRY (K%Y F « (T R} - (TR {RKR ¥ - (F'H) KY
- (R*R) (R = T+F)

. JR! [('i‘-?i) (£+K) - (R-R) (;.-,5]
IR 2 - (R x £+T)

tan & =




!
I

i COMSAT Labs Multipic Beam Tcrus
Antenna Study

i - ' then

K x T+T = -h?r sin v

R

T = =T+R (since T-h = 0) = hr cos v sin )\

Sk
all

Y*h - ¥+¥r = {m cos v cos x = 1) r?

ST
Lot
*
o]
0

Thus,

. o (T-R)

i f tan § = e T

W [K] h2c sin v

: . « [{mcos v cos A ~ 1) r2

RO ¥ - -

) by, + r2(m? + 1 - 2m ¢cos v cos i)}

i L R

I T . . : ~ S

- . by cos v sin 1} (m” - m cos v cos i)
T ] =

L (8% sin v) rfa? + 1 - Im cos v ces )

if;:f 1

i -14)

3

sin (})J foe - cos ()] (&

i f

TR tan (V)] vm® + 1 - 2 cos (9}

/

B 14 The local horizon vector may be determined Ly applying
no A . A . i . .

7{% o equations (4-5) and (4=7} or (4-~12) (normalized) as follows:

A

R >

N \ . “ - . . R . ~

23 i ~ =gan (¢, 1+ cos {4 ) 3 - cotan (v} sin (X} X )
£ 3 = {4-15)
;i V1 ¢ cotan? () )

- P - [l . . - . ) .
The azimuth angle of g 4iffers from that of the beam pointing

1 {e.g., eguation (4~4)) by 90°, The local r.rth vector at an MBTA

! site, shown in Figure 4-8, is given by

i ﬂn = 1 sin v cos }, - J sin v sin e ¥ k cos {4-16)

g and the loecal azimuch angle detfined by " s

" ces § = Np-q = o2 2L IN (4=17)
R - .

&_ ;@in* o+ g8t v gin? A

5]

=
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A . 7 The crientation of the q and p vectors is shown in Fig-
ure 4-0. Note that the angle & is negative for a U.S8, NBTA
torus position viewing an Atlantic region satellite.
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The unnormalized vector expression is

P = i[— gin ¢5(m2 + 1 - 2m cos v cos A) + cos ¢, (m cos v sin i)

- cos? v sin A cos ¢,] + jlcos ¢5(m?2 + 1 ~ 2m cos v cos }A)

+ sin ¢ (m cos v sin 1) -~ cos? v sin X sin ¢,]

+ ﬁ{- cos Vv sin v sin i) (4-19)

. A computer program (Program MBTA-l) for calculating the
pointing and geometrical parameters given v and A is included in

4.3 DERIVATION OF OPTIMUM ROTATION AXIS ANGLE, ¢

The beam of the MBTA scans over a conical surface, as
shown in Figure 4-10. The rotation axis angle, ¢4, is established
by

Reu
¢ = CDS_]‘ e ——— 4"20)
0 [iRI Iul] ‘

where R is the pointing vector {(beam axis) from the MBTA to the
satellite and u is the rotation axis for generating the spherical
portion of the MBTA. A given antenna system at a specific lati-
tude, v, and differential longitude, A, is defined by one fixed
¢p value. With the antenna support structure adjusted to place
the beam on the gecaynchronous arc at one lccation, exact beam
pointing with scan {(or equivalently satellite motion) would xe-
quire all derivatives of $g with respect to ¢g (satellite

motion along the geosynchronous arc) to be zero,

4-14
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{ fi - ROTATION AXIS

CONICAL BEAM
SCAN LOCUS

Figure 4~i0, Conical Beam Scan
Locus

The MBTA geometrical degrees of freedom permit the
first two derivatives to be set at zero for an optimum

solution:

Y 529
o2 0% .09 (4-21)

2
6¢S 6¢S
The rotation axis u is specified as
T =al +bj +ck (4=22)

Then

alm cos ¢g ~ €O V cos o) + bim 8in §, -~ COS vV Sin ¢p) = & ain v° (4-23)
l T+ 1 - dm cos v cos ) Yas 4 b+ c*

1

$p = cos~”

4-15
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Application of the derivative conditions {equaticn {(4~21)] and
the normalization condition ‘ B

(gl = 1; VaZ + b2 + ¢t =1 (4-24)

is sufficient to determine W = (a, b, ¢) and the resulting opti-

mum generating axis angle

%, = cos~? (a, b, ¢ (4-25)
A useful identity is
L (ccs"l w) el W - (4-26)
A% V1 - w? 8%

Thus, in general éw/éx = 0 unless we = 1.
7 By symmetry, the first derivative of ¢y is equal to
zero for the co-longitude case (X = 0). Appiicaticn of the first

derivative condition yields

a{- sin ¢ (m? + 1L - 2m cos v cos A)

2

+ m cos ¢g cos v sin X - ©o8” vV co8 bp Sin k}

+ b{cos 6sm? + 1 = 2m cos v cos A)
1
+m sin ¢4 cos v sin A

- cos? v sin ¢, sin x} + c{~ sin v oo8 v sin A} =0 C{(4=27)

4-16
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while application of the second derivative condition yields

!
] s 1
), a{- cos ¢gim? + 1 -~ m co8 v cos A) ?
- ]
j;:,»_ i + sin ¢g(m cos v sin A) + cos? v cos ¢a cos A} i
f g l' *b{‘ sin ¢g(m? + 1 -= m cos v cos 1) i
i - ¢cos $g(m cos v sin A) 3
+ cos? v sin ¢, cos A} + c{sin V COS V COS k} =0 (4=28) : g
i i : 4
: : ! Then ;g
: 1 ax; + bx, + ¢cx3 = 0 (first derivative) (4-29a) L
1 axyg + bg + cxg = 0 (second derivative) (4-29b) j!
| I
E ! a2 + b2 + ¢2 = 1 (normalization) (4-29c) -j g
iy ¥
- { Since |
: |
oy E X3 = = tan X xg (4-30)
o ]
\§ i solving yields '
} : = “———HTXG (4-31a) é‘g
3 I c T T T+ xs a E
S g
"-'ig i 4
b h _ |
5 T T "¥e (xgh + x4) (4-31D) 3%
3y i
| Qb i c = & X4 + Xgh _ (4-31c) X
i § /%2 (1 + h?) + (x4 + xgh)*
I -
\\\\)

4-17
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- where ' g L

| b o L% = g |
_3 (X3X5 = X2Xg) .-

Program MBTA-3 in the appendix provides the optimum generatinyg L
axis angle and the corresponding rotation axis unit vector compo=
nents as a func“‘on of the antenna longitude and the MBTA lati- an
tude and differential longitude. ;
ij E Figure 4=11 is a map of the optimum MBTA generating
angle as a function of differential longitude and latitude coor=-
dinates. Results for the northern and southerr. hemisplieres are o
the same. The spacvecraft position is at the center of the map.
The optimum ¢¢ angle is essentially a function of only the antenna 4
latitude. The optimum MBrA generating axis angle at the co- i
longitude point, shown in Figure 4-12, varies from 90° at the

) equateor to 97.8° over the present latitude range of DSCS antenna g
71; ‘ locations., The rotation axis inclination angle relative to the

o s e e m L .

s

polar axis is 1‘;

§; = cos™1(k-U) = cos™i(c) (4-32)

as shown in Figure 4-13. The magnitude of the inclination angle
is shown in Figure 4-14. At latitudes of 0° ard 90°, U is iden- ,
K_ tical to the polar axis; at intermediate latitude positions it
departs only slightly from this orientation.

Worldwide deployment of the MBTA antenna to view syn-
chronous satellites from all elevation angles 250 requires iden-
?VV tification of the minimum number of different reflector designs
(defined by the angle ¢g5 between the beam pointing direction and !
the axis of rotation) and their corresponding region of appiica- l
L bility. 1If the angle ¢p is fixed for a multitude of MBTA loca- |
SN tions, soime amount of orthogonal plane (parabolic) beam scan loss B
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is required to gcan and reposition the beam along the gepstation-
ary arc¢. The antesinia mount positiony the beam exactly at the
centar of the field of view or at two symmetrically displaced
angular positions about the center of the fidld of view, as shown
in Figure 4-15. The scanned beam position(s) will then depart
samewhaﬁgfram the locus of pointing dircctions defining the gec-

“QYnchrwnbus arc. The beai is repositicned onto the geosynchro-
'nouy arc by scanning the beam in the parabolic plane of the MBTA.

P

[P

T
>

LAT/

Figure 4»13‘7 Rotation Axils Inmlinaticﬁ Angle

_ In terns . of uconumy, it is important to minimize the
nuder ni dlrturLut reflector gecmecries required for a system.
Ore major mbjuctiwe of this study program was to verify that a
riagle reflector guometry would provide sufficient performance
marginy for LSCS appllcathna. ‘Use of a gsingle reflector geom-
etry for all DSCS:MHTA locatimnsy with only the ceflector support
structuras varylng £ accemmudatu different latitude and differ-
ential langitude pu;xtluuu, rebp*Ls in considerable simplifica-
tlan fax the ovwrdll ﬂntmmmm sybtnm and minimizes the regsultant
nntenna 1abrmuatiaﬁ »@stu.;
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4.4 POINTING EFFEC™ OF A SINGLE FYRED ¢4 GEOMETRY

\ .

when the reflector geuéirating axis angle, $g, 4 fixed,
the amount of wointing error with beam stan iy '

{(desired = actual) beam ﬁoimting = Glog) - fo(ey) (433

as shown in Pigure ¢-16. The:anqle Plog) is the oxast angle
between the fixed Wp r~4ation axis and the R pointing vegtor be-
tween the MB1TA and the geosynchronous satelliic posibtion.  The
antenna geometry fixes ¢ = ¢p incdependent of thwe gatellite posi-
tion 3g as the beam or satellite angle changes. Hence, the dif-
ference between the two is essentially the beawm pointing error
-hat must be corrected by providing some amount of Lmar scan in
the parabolic plane of the MBTA, Pixing %p wesults in the fol-
lowing zet of defining eguations for the MBTA reflector rotatinn
axis. Por the first derivative condition {equation (4~27311,

ax; + b, + cx3 = 0 {4-34a}

for a fixed ¥g design [equation (4-23)1,

axy + bxg + oxg = CO3S 9, Vm? + 1 - 2m cos v CoS A = Ryp (d=34d)
and for the normalization condition {equation (4-24)1}.

al +b% 4 ¢? =1 {4=34c)
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“This set of equations specifies the rotation axis parameters
(ags Ly, o) &ﬁ.a'ﬁuﬁq@ian_cf antenna and satellite positious.

they are returned to the expression .

N\ ' ‘.l.‘ FE \ Ty

. II ' . \
L . .
.

L S oo

. 1[ﬁ(¢s)-ﬁo] | (4-35)

:ta'evaluate.thgtﬁﬁﬁﬁglw associated with exact beam positioring

over the geosynchjonous arg. .

. i ot [ '
g ke preceding set of equations as follows:
N / R ot

Tfﬂl Qxxxﬂf+;px2k5 + cxyxg = 0

a,ﬁl&#gk?*+ bH2Xa‘+ CXyzXg ¥ Xp¥X31p

;o !

' apd/jsubtracting yields

[

fo Jalxixg = Xgx7) * c{xang = X2Xo) = =X3X1o
' - T o :

ﬁli "'7 awyy + bxy, = ¥4 (4~36a)
axyX; .+ bxoxy + cX3xy = 0 (4-36Db)
axqxy + bxgXj * CXgXj = X;0¥] (4-36C)

_Putther subtraction yielés

b{x,%x; = X1xg) + clxzxy = X1Xg) = =X31X30

b:»:l‘5 + CXqyg =

>
-
[}
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t Therefore,
i _
oo - 13 £ W
i { a = x_ll) - Q(’?ﬁ") = ‘X';'? '+. CXig {4-38)
O b=f—]-c¢ci—} = x15 + ox (4-39}
| | i
#
:] To £ind =, i
0o . !
g‘} E a? +p? +c?=1
13 ) .
E where
no—- B
i S -
8wy 2 = x2 2 o2 -
é n a iy * 2K 5% .0 + X7C (4-40a)
RIS
.
i .
10 b? = %2, + 2Xy9%X19C + X2402 2 4~-40b
| L Io 19%10 20 | { )
i
A
i Thus, :
{ 2( g 2 L4 2 2 -
I Gl + xjy ¥ xzo) + 2°("17"18 * "‘19"20) + ("17 MRS T l) |
= = ¢t uau) + 2¢c(vv) + rr ‘
g F = 0 ‘
.v.’r' -
3 I and
'8 - “""2 =
i c = [-vy < VVX 4uu(rr)] (4-42)
'y PEAS Y
bl i
i
The two solutisns obtained above both satisfy the first deriva-

=z pes

7= B

tive conditions. Although the antenna scan performance over a.

- limited range (<20° field of view) is virtually identical, the

"+" golution provides a better optimum over a wide field of view,

{427
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The beam pointing angle ¢(¢g) is plotted in Fig=-

ures 4-17 through 4-21 as a function of ¢g at fixed latitudes fcr
fixed genevating axis angles of 90°, 93°, 93.5°, 94°, and 95.5°,
reSpectively,-with:exact pointing at A = 0°, The difference be-
tween ?($g) and &gy ic the error between the actual ard desired
heam pointing cirections, This error is compensated by scanhing
the beam in the parabolic plane of the MBTA., A reflector surface
defined by '

¢o = 93.5° (4-43)

which symmetrizes the orthcgonal plane scan errcr characteristics
for antenna locations at 0° and 70° latitude, is chosen as tha
cptimum solution for the D3CS application. A fiéld of view of
+20° requires less than 0.3° of parabolic plane beam scan {(no
mere than one beamwidth of scan at 54-dB gain,land no more than
two beamwidths of scan at 5%-4B gain) for v = £° and 70° lati-
tudes. Neogligible beam scan error occurs for v = 20°-30°
latitudes.

The scanned beam pointing error characteristics for the

optimum ¥y = 93,.5° geometry with exact beam pointing at A = +40°
and -70° are shown in Figures 4-22 and 4-23. The scan character-
istizs as a function of differential longitude are nearly iden-
tical in each case. Note that when A = =70° the lkeam can be
scanned only in one direction to satisfy the constraint that the
local elevation angle must be greater than 5%, This constraint
alsc affects the range of useful latitude positions {0° to ~#44°
for i;r #70°). Table 4-1 summarizes the scanned beam pointing
errar (in degrees) as a function of latitude and field of view
for the ontimum ¢y = 93.5° geometry. Foi fields of view up to
40* and entenna beamwidths corvesponding to gains up to 60 4B,
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Table 4=-1. Summary of Opherical Scan Beam Pointing
Errors vi Field of View and Latitude ($p = 93.5°%)
Field of Latitude, v
View 0 10° 20° xge | 40° ] s0° | 60° | 70°
10° "*0.019° -0.01°} 0,003°30.004° 0.01%}0,01° 0.02°10.02°
20° ~0,07° —0,04°7v0.01“ 0.92° {0.04°00.06%0.07° 0.07°
30° -0.16° |=0,09%¢=~0.02° Q.037°%10.08° 0.135 0.16°10.17°
40° -0.29% {=-0.18°|=-0.04° |[0.07° 0.16°‘0‘23“ 0.28°{0.30°
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the pequrm&nce.impact:qf'orthoqonal-(par&balia% plang scan tra=-

quirements is negligible. The narrower beamwidths associated

with the 20/30-GHz bands require three to five bermwidths of

orthogonal plane scan and some performance impact is noted. If
. the antenna reflector surface is mounted to provide twe exact

. pointing positions over the field of view, as shown in Pig- |
ure 4-15, the maximum beam pointing errors are halwed. The
choice between the two antenaa mounting arrangements which pio=~
vide either of the beam scanning loci shown in Figure 4-15 de-
pends upon tho system definition, i.e,, a systesm in which ail
satellite positions over the field of view are sgually likely or
& system in which the wid-point of the field of view represents a
faforaa beam pointing direction. )

B 'f‘u“c rotatlion axis inclination in the co-longitude plane
{x = 0) is shown in Figure 4-24 as a fuaction of latitucde for
£ixed ¢¢ angles, The components of the rotation axis vector 4 are
shown in ?igure 4-25 as a function of v and » for an anteana at
¢n = 0° witn ¢g = 93.5°, Program META~{ in the appendix provides
the beam pointing ¢{¢s) and rotation vewtor % characteristics as

a function of %5, ¢5, Vv, and A,

The important conclusions are that, for DSCS applica-
tions with a field of view up to 40%, a single reflector surface
geometry (¢g = 93.5°) is sufficient for a systen deployed world-
waL, and that begam pointing eryors associated with scan huve a
negliglblu impact on R¥ pexformance.
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This section develops and details the electrical par-
formance cvharacteristics Df the MBTA. The aajor part of the
studr analysis focuses on the front-fed offset geametxy that Iis

W

not compensated for spherical aberration. However, phase cor-
rected MBTA zystems utilizinc either an aberration-correcting

subreflector or an aberration-correcti:g I2ed avray ars addressad

in the latter part of this section.

5.1 BASIC FREQUENCY CONSIDERATIONS

The Govesnment Y-band freguencies are coensidered tu be

e

the primary freguencies for optimizing the MBTA design. The

X-band up~ and down~link bands are summarized in the following.

For the up~iink X-baud:

e e

7.9 < frequency (GHz) - 8.4

——

1]

LE = 500 Mz
LE/F = 6.13%
1.494 > X {in.) > 1,408
3.785 > ) (cm) > 3.569

=13

and for the down-link N-band,

ﬁ 7.25 ¢ freguency (GNz) < 7.7%
Af w 500 Mz
HE/E = 6,670
X g 1.629 % ' (in.) > 1,523

o
L]
F

L %
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The minimum separation between the transmit and receive -

frequency bands is

Afy;y, (TRANSMIT - RECEIVE) = 150 Miz {5=1)

This zaspardtion imposes special requirements on the necessary
filtering and isolation between the transmit and rzceive fre-

'quency bands. In addition, as a result of this separation, any

nenlinear junction effects in the feed or antenna systein can give
rigse to 'ntermodulation products that cause transmit band energy
to appeax in the receive frequency band smectrum, The total
X-band frequency rarje gives a design bandwidth of '

Bimsy
eIt 2 14.27% (5-2)
ave

ravelength over the X~htd frequenc': range is

+3
it
s
4]
9]
<4
[
+
[0
[19]
o
-

L
1

L

-

rave (X=band) = 1.5 in, (

The d signs are also evaluated at *Me commercial frequency
band. 1/6, 11/14, and 20/30 GHz. The ..aracteristics of these

frequen. Hands ars summarized in Table 5-1,

5.2 BASZIC APERTUXE DIAMETER, GATN, AND

ETAMWIDTE CUNSLILEFPATIONS

Figure 5-1 summarizes the illumination gain and beam-

width of a refarence circular aperture antenna syvstem as a funec-

tion of the ¢ meter-tu-wavelength ratioc (D/A). 7The gain curves
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correspond to 65- and 100-percent aperture efficiency. %The illu-
mination gain curves do not include feed or reflector rms suriance
tolegrance losses. In this study two cases at the X-band frequen-

cies are ol particular interest:

12

54 4B, (D/A) = 220, and 3¢ 0.35°; and
59 dB, (D/A) = 380, and &y = 0,18°.

[

a, G
b, G

[}

The diameter, D, verzsus D/X 3t the minimum down-link
and maximum up-link X-band frequencies is shown in Figure 5-2.
Figure 5--3 shows D wversus D/XA at the minimum down-link and maxi-
murt up~-link frequenuies for all the freguency bhands of interest

in the study.

5.3 SYMMETRICAL MBTA FIELD OF V1EW, ICCUSING,
AND FEED ILLUMINATION ANGLE PARARMETERS

A symmetrical MBTA geometry with a 90¢ angle between
the rotation axis and beam peointing direction provides an excel-
lent starting point for deriving several) basic relationships.
Figure 5~4, which is a cross section through the center of the
MBTA, indicates the derivation of the MBTA field of view or scan
range in terms of the width, W, of the reflector aperture. In
this figure, :

. Le o0\
a = sin~* (—éi (5-4)

ig half the included angle from the rotation avis to the edge of
the fcod illuminated area of the reflector and
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§ = sin-l (E%E) (5=5)

is half the included angle from the rotation axis to the edge of
‘the reflector aperture. The maximum scan angle is-

8gmax = (8 - a) = sin-% ("giﬁ) - sin-! (g’ﬁ) (5-6)

'The symmetrical MBTA field of view is then

: - W . D E:
FOV = 20gpax = 2[8:.:1 1 (-2—§> - sin-1 (-i-ﬁ)] (5-7)

{5-8)

e it e A e i i MR e e D
i Ao 4 f s o S T e T o S ' BRI i
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EMP Sdatart i 550

FOV :
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Figure 35-3 shows thé field of view versus the ratic of aperture i
plane dinensions (W/D) for fixed D/R ([normalized radius of
curvaturel=l) values. 8pherical aberration phase errors decrease
with a larger radius of curvature (decreasing D/R}, but the field
of view also decreases if W/D remains fixed.

The paraxial focus of a spherical reflector is defined

as

R B BME ek Pent et EE st

Foaraxial = 0.5R (5-9)

This spherical reflector focal position is shown in Figure 5-6.

i Using ray optics, the problem is to determine the feed position,
F, which is required to provide an axially directed ray. The
solution depeids upon the rays position in the aperture plane.
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?- 4 - The digtasce x = £ (o) which providies a % directed re- 1
51 - flected wave from the spherical »eflector is determined by 1
\( ("' 2 ) ’ , ) - g
zix: {J.u R* = 2x°[l ~ cws (1849 - 2a)l = xc{l + cus (2a)] {5-10) }‘
Thus, ;}
== 1 {511} ’
R /201 + cos (2a)]
or ,

(5=12]
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‘Thug, the best it focal position for a feed in the spherical

(5-15)

‘where the exact nuaber depends upon the particular geometry and
feed ¢dge taper. Thus, for the spherical reflastor,

(5-18)

The feed illuminoation half angle -ds can be determiuned from

Frosmsa
At —r

e
[ SRS

- =
F S

e

L




ST TR o -
CROMEAY Labs. - ! S Multipdo Bean Torus
'-“fﬂef B S : ; Anteénna Btudy

R oL LT e . . .
SR o ' - » o

48 S

%2 w B2+ (R~ PIE - IR(R - ) gus o

. For the META,

\

e R T o (5=174 ¥

T

’5-17b)

=

L

F
e
=
Fos
¥

2]
£
=

e

o

¥ W R‘V*ﬂ - o5 W . o 15~17¢)

o DRE R iy ety B B

x
o

B N

and o

\

e S T

g

EH BV S ORI V5 G RS -t

EE R S T

cos ‘& @ ‘i}_ -«% 9- l ' (5'17&3

ohereiore,

6 = sin-t [B2Y o sin=d [ AR (5-18)
x / 2/8/4 « cos a

Since
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A5 the reguized feed illwmination angle for the aprrture diam-
eter, D. Figure 5-7 shows the feecd iiluwnination angle for the
symmetrical MBTA as a function of /R,
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For che symuetrical MBETA, the projected length of tne

4 _
B feed arce, L o., the length ¢f the window size in the feed house,
8 5 is
;;V
v i%' ---L--—~— R —-l
ﬁ&ﬁ . o :
o l,‘ A “ .
i ',‘h .
T ﬁ - where
r = 2{R - ¥F) sSin Hopax {5-20)
<r

2 (mv\) - ;
- — S-21 ]
%f 3=D;’RSln\2, {(5~21) i
. Figure 5-8 shows thio proieeved length of the feed arrm with a
ﬁ 27-ft aparture diameter as a function of the field of view for
‘ fixed D/R values. !

5.4 QFFEET REFLECTOR FEED POINTING AND ,
TLLUMINATION ANGLES

L ot

Thae feed illumination angles and pointing directions
{directivn cosines) for the offset META geometry are shown in

Q s < E s -
b g RS S T gERES,
1
o
Tie Radraitiosd

[ o2
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Figure 5-9. The angle to the bottan portion of thﬁ.unyPu sec-

tion is

= -2 d ' ’ -
61 tan {F - d2/4F] o ‘(5 22}

and the angle to the top portion of the offset section ie

_ -1 d+ D S ey
= ta v - .
b2 = tan [F g n)ﬁxar]_- - (523
Using the relationship
F =~ 0,5R
yields
[ loten) |
6y = tan=} | DL S (5-24)
—) =1
(D/R x d/D)
[7 Z
6, = tan-t |LDZR X (1 * d/D) (5-25)

1 2
[D/R X (1 + d/D)] -

Note that &/D = ~«0.5 yields the symmetrical MBTA geometry. The
feed illumination angle is defined as

8i0e = (6, = 0y) (5-26)

as she m in Figure 5-10,
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j The feed offset angle, 654¢, can be defined in two dif- i
By 81
B ferent but useful ways. The first definition is A
i (67 + B64)

x bopf = st (5-27)

i 2

{

viiich is shown in Figure 5-11. Alternatively, 6855y may be de-
fined to che center of the projected aperture plane as shown in

Fignre $-12. Then,

[l ! - \ -‘

o)
Bagf ™ tan~* ' w D/? {5

[(aem) -

28}

v . . i a1 ——— o = At ot W s vt
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' utne incréased 'Spgce7taper' attenuation to the top edge of the
“reflector suggests, that an angle slightly larger than that given
'by eguation (5-26) would yield optimum gain., The angle defined

by eduation (5-1B) is closer to optimum although the differences

are aiall.

5,5 . FEED' CHARACTERISTICS AND MINIMUM BEAM SPACINGS

The minimum spacing between adjacent beans in the

front-fed MBTA configuration is determined by the diameter of

the feed horn:

N AMsoin
.~y
. e nea T
T R-F=R/2
where :
2dy, 360° fdy
ABgmin = tan-i (-Tr) = '?—"(ﬁ") {5w29)
which can be expressed as
{360° /%) (dn/A2) {(D/R)
ABgmin ~ / D/'}):/ / {(5-30)

The reguired feed horn aperture diameter to wavelength
ratioc (dp/X) is determined from the desired edge of reflector
illumination taper. VYor a simple circular aperture TE;; mode
feed, the =-10~-dB E« and Heplane beamwidths are related to the
feed horn diaweter as follows:
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[
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Gop (=10 aB) = 1ad°(%g . (5-31a)
oy (=10 4B} =v130°(%§)' (5-31b)

For corrugated horn feeds,

8g(-10 dB) = 160°(%;) (5-32)

Assuming a -10-aB edge illumipation with a corrugatéd
feed horn and a feed illumination angle

\/p\ ....{ - :
20f = (E%Qf)(%) = 15°°&%E) {5-33)

and given that the half-power beamwidth of the MBTA is

70° R
9 W ’ 5"34
yields
ABgpin = 2.3 Oyp (5-35)

Allowance for different feed types and extra structural material
arcund the feed horn aperture yields

BBgmin = (2 = 4) Oyp (5-36)

The minimum beam spacing for the front-fed MBTA as a function of
D/X with =10~ and ~20-dB edge Eapers from a corrugated horn is

shown in Figure 5-123,
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T

The measured complex radiation patterns of a well~
designed corrugated horn are rotationally symmetric and provide
an excellent feed illumination for the MBTA.'!+'? fhe apertuve
diameter of the corrugated horn is typically oversized ralaktive
to that of a conventional conical horn for a specified reed illn-
minarinn angle, but the winimum beam spacings achieved are a0~
ceptable for most applications.

Meagured E- and H-olane radiation patterns fur a cor-
rugated feed horn at 3,95 GHz are shown in Figure 5-14., The
Gaussian~-shaped pattern has virtuaily no sidelobes, waich helps
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The e=lagcrivas crnaracteristics of the MBTA have been
evaluated using conventiopal circular and square aperture fpeds
as will as corrusated horns A gonvenjiont gathematical feed pat-
tern descripsicn for the coryugated horn is
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where x; and x, are thosen to provide tie desired applitude waper
l - at a4 specified off-axis ‘anwlu 9. The edge of reflector dmpli-
X tude taper in terms of parameter (xy) is shown in Flgure %-1%5.
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o

g ~“he gain losy asgocrated with MBTA surface taieuanCE;

E. N ¢, measured norpal o the reflecting surtace is given byt? |
& ' ' 84
gy 2 ' . : Lﬂﬁ
x G, = 10 lngy, exp[~ 85 cos (Yogs)| (5=41) 1
y This equation accounts for an effecrive tolerance in the beam ;d
' direction of ' o é%
¥ {i
& Ferf 7 ¢ CO8 (8ogp) (5-42) LE
a ﬁ%
i’ % Thus, with the same rms surface tolerance specification, the cain Eé
b logs associated with an offset MBTA 15 reduced somewhat relasive 5
2 & to that for a symmetrical MBTA coenfiguration, as shown in Fig- é;
:Q ) ure 5-16. The gain loss of an offset MBTA geometry (8ggz¢ = 25°) gé
. 1 is shnwn in Flgure 5-1% 25 a function of the rms surface toler- iy
i ance, ¢ (mils}, in each of bthe specified freguency bands. §f
B l Program MBTh-§ caloulalos tha gain loss versus normal- ?;
'% v ized surface tolerance (&,/\) for fixed feed offset anyles. Pro- ﬁ%
Q?' I gram MBTA-6 calculates the gain loss of the MRTA versus mms ;i;
i surface tolevanee, ¢ (milsg), for the fined feed offset angles. “g
& i

MATEEMATICAL EXPRESSION FOR ROTATLD
FAREBDETT BECTLON

(%,
L3
]

Pigure 5-20 sheows the coordinate system used to derive

the mathematical expressicn fix,v.2) = 0 or £{u,v,w} = C for the

e

BTN Jer;wunur surface,

BPN  EBR e ek it

{H : 5-29
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The equation of the parakoclic szctiou in the (k-z)

=%
e

plane is

(K3 - 4F(z + rv5—-) = f(x,2) = 0. ' (5~43)
\ gin 95

S The transformations hetween the (X,v,2) and (u,v,w) coordinates
g are
i

] f sin ¢ ¢ cos QOW[R]
= 0 i G ¥
-cos &g 0 sin ontzJ

-~
[{;]
'S
in

-~

CICHE)

L
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and

% sin &y - 0 =cas ¥, uﬁ i

: N §

vi= ‘ 0] X v {5-45) 1

| sin % | i

; z jcos ¢o sin éo,Lw ,é

énf . g

% %: The equation of the parabolic EE"L10H expressed in the (u-w) B

plane becomes i

| o

. .z 3: -

(u.$1n.®0 - w cos ¢g)° . 3

i | | - 4F(u ¢05 bg + W Sin 0g) - bR = Q (5-44)

: - sin ¢p "

g 5‘ The equation of the rotated curve is generally

vi + w? - trr)?2 =0 15=47)

where rr is thé radius from the 4 axis [determined from equa~
tion (5~46)]. Note that

rXr = w 15-48)

when v = 0, When ¢g = 90°, the equations are vomewhat simplified

to result in
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 then, since Ilx,y,2) = lu.v,w), -

E(x,y,2) = % « Bx¥(FR) ~ 160%{y% + 22} % 16FER? = 0 (5-51)
¥ - \ | J , |

ncta that tha rct&teducurva:dEEGriptiQn is néﬁ:éguiValant to a
genaral second-crder poiynumial, o ':

o Fox the general aagle ¢o caﬁ@}'the eguation of the
reflector surface is obtained by using the some derivation
procedure, but the reaulting equation

f(x,y,z) z 0 (gemeral &g) (5=-52}

is cumkersome.

APERTURE PLANE SPHERICAIL ABERRATIOR
PHASE ERRORS

[&4]
.
W

Inspection of the aperture plane phase error character-
istics provided a arecat deal 6f,in$ight inteo the R¥ characteris-
tics of theo MBTA. In fact, the antenna system focal position
(F/R) as a function of offset and U/R is most economically opti-
mized . © inspecting the aperture plane phase error magnitudes for
various F/R pusitions.

First consider the path length differences over the
aperture of a symmetrical spherical section shown in Figure 5-21.
The path length firom the feed, F, to the center of the reflector
anu bhack to the center of the aperture plane is a reference:

Lg = FO + OF = 2F (5=53)
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Figure 5-21, Symmetrical Spherical
Reflector Geometry
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& i The path length to an arbitrary positicn P on the spherical pé= LT
: lector and back to the aperture plane at A is ) ‘ 3}
i+ ’ ' : !
' B : LN
L(y) = ¥% + PA (5-54)
' _ : Loy
} It is assumed that reflected rays arrive normal tc the azerture ‘,k
' plane, which is very néarly exact for the range of geomretrical o
! ¢ % |5 % ‘ s ‘ o - . 2 ! - ] £ !
‘ parameters congidered in this study. The equation of the reflec- = ?
O tor is . X ;g\g
‘ 2
__‘ y2 + [z - (R - F)]2 = p2 (5=8%5) i
| Y B
S
FP = Jy? + y2 (5«56)
FX = |z (5-57)
- :
b j
1 z = {R-TF) - /RS =~y (5=-58)
1o
\“-'(.
T Thus,
FE = y2+ (R~ P2+ (R2 - y2) - 2(R - F) /RE - y2 !
= '/RZ + (R - F)2 « 2(R = ¥) V/R? = y? {5-59)
. and |
« 3
_ ;
2 PA = VR2 - y2 - (R - F) (5~80G) ‘
f 1
. 3
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_?he phase path.length difference between the‘genepal and central
.. rays, convevted into degrees, is

fedy)

v{0,y,0) = 360°

(G

() ' -
V- e

'~ For the offset MBTA yeometry shown in. Figure 5-22 with
¢g = 90°, the path length to the app&oxzmate ~enter (xg,0,08) of
the projected aperture plane,

L9 = FC + TRy (5-62)

is taken as a reference. The equation of the parabolic curve
gection described in a coordinate system caentered at F is

x2 = 4F{z + F) = 0 (5-63)

2 ]
V%2 + z2 = '/;2 + (%E - F) (5-64)
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L '.j | 37 n,“ (‘"'3 xg' I, . : L
dy b, 0,0) = g/;§.+ (a? - P\' + {w;& wb>-'- {888

-i‘v. which yields S L e

LR AT
- ZERT TEpdrn T

At the cenber of the aperture, R T :ﬁﬁ

(28
i
aan

.- '1i,fW o o me (d.& w83y

R 5 b

The eguation of tha surfacs iv detegmined Trom- 0 . ;

e T I AR R f
oz

Aot

4

Yelz - R-ENZ a0 e

§ gl

e L I 0 A

R{x) = ku - if) | - (5-69;' i

"ji

P2

5

Solving yields ' S o . S 2‘

z{x,y} = QR - F) ~ /RZ (%) = yE  S C O {5=70) i

o | | ;

which is the egquation of the surface expresgssed in aperiure plane
coordinates,

The path length to an arbitrary aperture plane location

i

t{x,y) = FP + PAz : (5-71)

PSS g et pead g

FP o= V%2 + y2 + z2 (5-72)

and

B

PR, = |z] (5=73)

=
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Thz path length diiicrence between the aperture reference posi-
ction (%g 0,0 and an arbitrary aperiure locatfon (x,y,0) con=-
verted to degiees becoze:s

o
ViN, ¥, 8} = Eﬁﬂ*(;
.

yk(hy,m - g, 9,97
i
4

L 5

. 360*(:)
-
|

L (u_‘rn}; hd - [ o
4F/R x R/D

\ { {xe /D)2
'q¥/R » R/D B I SF/R * R/D

For a generalized feed location (xp,vp,2yp} measured from the
parabelic focus,

FC = /(% ~ xp)é + (2 - zp)?t (5~76)

-

and the generalized expression for the aperture plane phase erro
becomes
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gives the ugnter of the ofiset projected aperture.

' Pigure 5«23 shows the calculated aperture plane phase
errors fmrfm syrametrical MBTA geometry with different focus=ing
parameters (F/R). BSince the feed horn would place a specified
awplitade distribution over the aperture rlane, an F/R ratio be-
tween 0.495 and 0.5 would minimize the amplitude welghted phase
errprs over the aperture plane. Figure 5~24 represents the cal-
culated peak qgain of the same symmetrical MBTA (from COMEAT's
GAP Program'') as a function of ¥F/R with a specified feed illiu-
wination, P(f). As expacted from the phas# error diagrams, peak
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Figure 5~25 shows the center of aperture plane phasze
errors for an offset MBYA geometry (D/R = 0.4, &/D = 1/%
= 11 percent) as a function of the feed position (F/R). Again,

-

when feed amplitude weightings are considered, the manimum gain

)
1
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(minimum weighted phase error) is expected for 0.48 < F/R < 0.485.
In Figure 5-26, which shows the calculated gain of an offset MBTA
with a specified feed amplitude taper, the middle curve (D/R

= 0.4) indicates a maximum gain at F/R = 0.483. The generating
axis angle, ¢4, is slightly different for the antenna geometries
(99 = 90 » 93.5°) compared in these two fiqures. The conclusion,
which will also be demonstrated later, is that small changes in
¢g9 do not markedly affect the aperture plane phase error

R e

distribution,

Figure 5-27 shows the center of aperture plane phase
errors when the offset distance, d, is increased to 6 ft (d/D
= 22 percent). A comparison of Figures 5-25 and 5-27 indicates
that the F/R optimization is quite sensitive to the offset
distance. Figure 5-28 shows the center of aperture plane phase
errors for the D/R = 0.3 geometry. Comparison with Figure 5-25
again demonstrates that the feed positioning (F/R) can be opti-
mized on the basis of a relatively simple aperture phase errocr
expression. ;
The full aperture plane phase errors for the baseline
MBTA configuration are shown in Figure 5-29., The phase error

distribution is symmetrical in y, but the offset configuration
gives rise to an asymmetrical distribution in x (except at the
center of the aperture, since the feed is at the focus of the
parabolic section). The effective radius of the curvature is
changing as a function of x [equation (5~69)] over the aperture.

The path lengths to positions on the top portion of the aperture
are shorter than those to the bottom portion of the aperture. ‘
Hence, the parabolic plane pattern tends to be scanned somewhat
in the (-8) direction.

The aperture plane phase errors can be directly scaled
by D/A. As the frequency increases the edge of aperture phase
errors increase in magnitude until voltage contributions from the

edge of the aperture actually cause a decrease in peak gain.
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Figure 5-29. Offsget (11%) MBTA (D/R = 0.4) Aperture
Plane Phase Errors with Optimum Focusing
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{ Maximum gain is then achieved by illuminating only an inner por-
; tion of the puywical aperture, D, Figure 5-30 shows the cal-
L culated gain of the baseline offset MBTA geometry at 30 GHz as a
§ function of the ~«10~dB feed heamwidth. Maximum gain occurs when
: the -10~dB feed illumination angle is 2 x 13° = 26°. If the full
§ physical aperture is illuminated with a feed illumination angle
? of 2 x 21° = 42°, the peak gain is reduced by 0.9 dB.
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Figure 5-30. Gain vs Feed Illumination Angle f.
at 30 GHz (baseline MBTA) s
The full aperture plane phase erxor distribution for a j
D/R = 0.5 offset geometry is shown in Figure 5-~31, Peak gain e
1

occurs when the ~10-dR feed illumination angle projects to the
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i dashed circular aperture shown in the figure. The average edge

, cf aperture phase error on the dashed optimum aperture is = 120°,
- | The peak gain versus the -~10~-dB beamwidth is plotted in Fig-

ure 5-32, If the full aperture is illuminated, the peak gain is
reduced by 1.4 dB.
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y Figure 5~32, Gain vs Feed Illumination Angle at 30 GHz
' (D/R = 0.5 geometry)

TR The aperture plane phase error expression for an MBTA
( with a general ¢, angle is derived by using the geometry shown in

! 5-52
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Figure $-33. The description of the central path length ray Lgp
is identical to the previous results derived for the special case
of ¥g = 90° [equation (5-66)). The equation of thc rotated para-

bolic section is

v + w? - R¥(u) =0 (5~-81)
or
2 : . R 2 2
ye o+ [- cos $gx + Sin éo(f alierey °0"1£ﬂ = Re{u) ({53-82}
and

R{u) = w . (5-83)
(when“é =y = 0)~is obtained from the equation for the parabolic
section:

x2 - 4F(z + F) = 0 (5-84)

orx

(sin égu - c_os‘-é'ow)2 - 4F(cos %gu + gin dgw + F) = 0 (5-85)

as the general equation of the MiTA rotated. surface,
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Figure 5-33. Geometry for General ¢ Reflectnr Surface

i
e VT

The general aperture plane phase error expression for
arbitrary ¢p and feed position (xp,yp,2p) relative to the para-
bolic focu referenced to the phase at (x¢,0,0) in the aperture

is
{ z 2 - 2
| of 2 X - Xe\ o, (22 s 4 lf,
vix,y,0) = 360 <T)i‘[(_—6——> . ( S ) +( S ) * 13

- ‘K(xc - xF>2 + [ (xc/D)2 _FR_ fﬁ]z
' D |3%¥/R » /D RD D

pd
- [f g _(_"E.'ff'_)__” (5-86)

RD 4F/R x R/D
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where 2z 18 found from tha reflector surface equation f(x,y,2)
- g,

5.9 . PARABOLIC BLANE SCANNED BEAM FLED POSITIONS
AND SCAN GAIN LOSS

The aperture plaine phage error expressions derived in
the previous subsection can be utilized to determine to a first
order the feed positions iXgg,0,2¢,) required to scan vhe para-
bolic plane pattern. The swa of the phasc errors at the top and
bottom of the aperture plane in the y = 0 (parabolic) plane is
equated to zero:

Err(xsg,Zgg) ™ vi{x = d +~ 0,0,0) r y(x = 4,0,0) =0 {5-87)

A family of (Xgg,2f5) feed positions which satisfy this equation
iz obtained. FEarh set is asscciated with an absolute phase errox
difference across the aperture piane that corresponds to the
scanned beam location., If the aperture phase errors at the top
and bottom of the aperture are &y and =-&,, respectively, the
scanned beam position is

-1 Ay -
6, = tan (180° - D/)\) {5-88)

Since the expresnion for Ay is directly proportional to D/, the
scanned beam location is independent of fregquency.
For small scan angles,

av (d2g) = 6y (deg) = % (5-89)

5-35%
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Program MBTA-9 calculates the scanned beam feed positions and
aggociated scan angle,

Figure 5-34 shows the locus of scanned beam feed posi-

tions calculated by using equation (5-87) and the corresponding
paraholic plane scan angle for the baseline MBTA geometry. The
calculated scan beam feed positions were then verified using
COMSAT's GAP program. The full aperture integration (GAP) in-
cludes the effects of feed amplitude weighting. The peak gain as

“
ot

E: ;ﬂr‘L“Y‘:}i.r;' s H‘k:,.':

i avc LIRS o b AR o L B L il L R D

! a function of parabolic plane beam scan is shown ir: Figure 5~35 §§

s for the baseline MBTA. Note that the scan gain loss characteris~ o
- k-4
tic is not symmetrical as a result of differential feed amplitude {

| 2 o

weighting effects.
The space taper amplitude varies differentially with

Scan. The maximum iloss at +#2.5° is 2 4B at D/A = 223,

3 oo B niine B}

5,10 SPHERICAL GENERATING CURVE MBTA

B LT DL gl o L I S e

For applications which require a considerable amount of
scan {(or beamwidths of scan) in a plane perpendicular to the geo-
synchronous arc, the use of a spherical generating curve for the
MBTA may prove useful, The reflector system can then be designed
to have a constant gain for a specified out-of-plane scan re-
guirement. This constant gain will be lower than the gain
achieved with the parabolic grnerating curve whern there is no

Ot T Bt T VI - SR

scan. In addition, it requires the reflector diameter to be in-
creased to provide a full aperture illumination with the maximum

W icoss IR Ssows JE v RV it P pvion N

scan angles. The geometry of an offset MBTA using a spherical
generating section with a generating axis angle, ¢p5 = 90° is
shown in Figure 5-36.

]
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The equation of the spherical cross section in the
y = 0 plane is

x2 + {z = (R - F)]% = R? (5-90)
or

2= (R-F) - /RZ - x% (5-91)
The radius of curvature about the rotation axis, 4, is

R(x) = /RZ - %2 (5~92)

The general rotated plane curve is described by

z= (R=-F) - /RZ = x2 - y2 (5-93)

The path length for a ray from a general feed position (Xp,Ypr2f)
relative to F into the aperture plane (x,y,0) is

2(x,y,0) =‘/(x - xp)® + (y = yp)? + [(R ~ F) = VR2 - 32 - y2 - zF]2

+ VR2 = x2 = y¢ - (R - F) (5-94)

and the aperture plane phase error expression is

(5-93)

D)[ﬂ.(x,y,O) - z(xo,o,o)]

Y(x,y,0) = 360°(-): 5

The aperture plane phase errors in the y = 0 plane, are plotted in

Figures 5-37 and 5-38 for two geometries that are gimilar to
those considered Zor the MBTA baseline configuration.
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5.11 ILLUMINATION GAIN OF FRONT-FED MBTA

The illumination gain of the front~fed cffset reflector
MBTA, excluding feed system or reflector rms surface tolerance
losses, is summarized in Figure 5-39. The gain for a l0-percent
offset (d/D = 0.1) and a 93.5° generating a. is angle is shown as
a function of D/) for fixed D/R values. Gain increases as the
radius of curvatuie increases., Because of edge-of-aperture phase
errors, the tradeoff between peak gain and feed illumination
taper is slower for the MBTA than for a conventional parabola.
The aperture illumination gain verxsus feed edge taper is shown in
Figure 5-40 for the baseiine MBTA geometry. A feed edge taper of
=15 dB virtually eliminates feed spillover past the reflector
with little impact on peak gain.

The aperture illumination gain versus errors in the
feed offset angle, 945¢, is shown in Figure 5-41 for the baseline
antenna. Variation of 8g,5¢ produced no changes in the beam point-
ing direction. A *2° variation about the calculated 6,54¢ angle
is required bhefore a decrease in gain is noted.

The iilumination gain of the baseline 27-ft-~diameter
META as a function of frequency from 3.7 to 31 GHz is shown in
Figure 5-42. An ll-percent offset is utilized tc ensure that the
aperture plane is unblocked by the feed (or feed house) at the
extreme parabolic plane scan positvion, The horn diameter must be
used in conjunction with Figure 5-34 to determine the minimum
offset distance. In addition, an allowance for the roof of the

5-63
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room housing-thé'feed/rail structure must be included. 7The D/R

ot

= 0.4 geametry provides an optimum 54-dB X-band gain solution for

a 20°—40° field of view. [The solution is optimum in the sense

PEE T

of minimizing the overall reflector area and ratioc of reflector
aperture dimensions (W/D) and ultimately cost.]
The relative projected aperture area of the MBTA is

area = WD (5-96)

\
1

if the corner panels are not rounded. Since

_ m /D\(wW
FOV = (’i’a‘F)\E)(’ﬁ 1) (5=97)

ol

b

then

area _ (m/180°)

2
D {D/R)

\

FOV + 1 {5-93)

el !' “—; _;!

The projected aperture area'® of the MBTA as a function of D/R
for fixed field of view requirements is shown in Figure 5-43.

Contours of equal projected aperture areas can be placed on the
illumination gain curves for a fixed field of view requirement,

T . LR S TS

as shown in Figure 5-44. The relationship between D/) and D/R,

———

given a fixed area and field of view, is

i ol

(area/)2)

D _ ]
A ‘/(“ﬂ/laow(n/nn Fovg + 1] (5-99)
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These curves are quite helpful in arriving at a first-ozder opti~ i
mum MOTA solution. Given a specified gain and field of view at a
desiyn frequency, the contnurs of equal projected aperture area
identiyy the optimum D/R georetry.
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-3 i "1 L
FoV Z[Sln (2D

w i

RY . gin=+ (B_ R -1
Rc) sin (ZR Hc>] {5-100)

. (180N o\(H _ G\ (B i
rov - (225) ()4 - 3)(x) (5100

where the ratio of the radius at the center of the aperture
plane, R., to the radius, R, shown in Figure 5-45 is

c
Re D\/xc ‘ §D/R)2(5<C 2
ol 1 + cos ¢o(§)(5—) - sin ¢g m-)- 5 {5-102)

The field of view versus W/D for the 1l0-percent offset
geometry is shown in Figure 5-46., Comparison of the field of view

“in this figure with that for a symmetrical MBTA (Figure 5-5) in-

dicates that the shorter radius of curvature at the center of the
éperture for an offset geometry incrzases the field of view for a
fixed W/D ratio. Program MBTA-2Z calculates the field of view
versus reflector parameters.

The locus of feed phase center positions as a function
of spherical scan is derived from the geometry in Figure 5-47.
The feed arc is defined in the v-w plane as the feed revolves
around the rotation axis, . The scanned beam locus does not lie
in the v-w plane, but the maximum angular deviation out of this

‘plane is 2(¢g — 90°) for a full 2130° field of view., The beam

scan angle, 6g, is assumed tc be the beam angle projected into
the w-v plane. The coordinates of the feed phase center as a
function of the beam scan angle are then
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wg = =(R - F sin ¢p) cos 8¢ (5-103)

N +(R - F sin ¢0) sin 0, (5-104)

Using the coordinate transformation in equaticu (5~45) and trans-
lating to an (x,y,z) system with origin at the focus yvields

xp = (R - F sin ¢p5) cos dg(cos 65 ~ 1) (5~105)
yp = ¥(R = F sin ¢g) sin 64 (5~1086)
(R = F sin 9g,) ]
2p = Sin g [} - cos? 93 - sin2 ¢, cos es] (5~107)

When normalized to the diameter, D, the feed phase center loca-
tions as a function of the spherical scan, 64, are

Xp = D(%)(l - % sin @o) cos ¢p(cos 65 - 1) (5~-108)
Yp = tD(g)(l - % sin ¢0) sin 6g (5-109)

R F 1 - cos? &g =~ sin? ¢y cos 64
= Dl= )1 - — sin ¢ 5-11
°F ( )( R e 0)[ sin &p ¢ 0)

relative to an origin at the parabolic focus (0,0,0}).
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/ . SPHERICAL FEED ARC

R A —

© H

Figure 5-47. Scanned Beam Feed Position Geometry

The length of the projected feed arc for the offset
MBTA is

£ = 24vg = 2(H - F sin ¢p) sin Oy (5-111)

. D \fy . E : _
Lo Z(H}j:ﬁ)t’ wo we GAD 1’0) sin 64 (5-112)
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The direction consines defining the feed pointing axis
and orientation as functions of scan are also required. The feed
pointing axis, 2p, is shown in Figure 5-~45. The projection of
the 2y axis onto the v-w plane yields

u = sin [8ggf + (0o = 90°)] (5-113)
v = % sin 85 cos [Bggg + ($g = 90°)] {(5=114)
W= = cos Bg cos [Bgo5¢ + (Pg - 90°)] (5-115)

.The direction cosines for the feed pointing in the (Xx,y,2) co-

ordinates with the origin at the parabolic focus are

ay = sin 6gg¢(sin? ¢y + cos? ¢y cos 65)

4+ cos bgss sin g cos dgp(cos 85 - 1) (5-116)
ay = -'sin 6g(cos Bosf sin $g + sin 8pgf cos ¢g) (5-117)

6z = sin 8og¢ Sin &y cos d45(l = cos Bg)

- cos fosf(cose &g + sin® ¢p cos Bg) (5~118)

and

Yoi + g + af = 1 (5-119)

Program MBTA-10 calculates the feed phase center position rela-
tive to the initial focus given the desired scan angle., It also
furnishes the direction cosines for the feed pointing.

5-175
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5.13 PATTERNS AND POLARIZATION

The principal plane linearly polarized patterns for the
baseline 27-ft-diameter MBTA are shown in Figures 5-48 and 5-49.
In the geosynchronous plane (¢ = 90°), the pattern is symmetrical
in 8, first sidelocbe levels are below 30 dB, and the maximum
cross—-polarization lobe for a corrugated feed horn is 33 dB. The
half-power beamwidth is 0.36°, In the plane of the cffset para-
bolic section (¢ = 0°), the pattern is slightly asymmetrical due
to asymmetrical amplitude and phase aperture distributions. A
small amount of beam scan is noted when the feed is at the para-
bolic focus, and the half-pcwer beamwidth is 0.34°. These pat-
terns were calculated using a -10.6~dB feed taper over the feed
illumination angle of 42.4°. Increasing the feed edge taper to
=15 4B virtually eliminates feed spillover energy past the re-
flector with only a 0.2-dB gain loss. A 3) circular aperture
conical horn provides an identical pattern in the ¢ = 90° plane
and a slightly narrower pattern in the ¢ = 0° plane. However, the
maximum cross-polarization levels increase to 25 dB as a result
of unequal E- and P-plane pattern amplitude functions from the
conical horn aperture.

The large effective F/D = 1.25 of the baseline MBTA
configuration means that circularly polarized beam squint effects
are negligible. The circular cross-pnlarization response is
essentially determined by the polarization characteristics of the
feed system,'8+17

The wide-angle sidelobe characteristics of the baseline
MBTA at X-~band to *5° are shown in Figures 5-50 and 5-51. The
sidelobe envelopes are well below the 32 - 25 log;q € crite-
ria.'®4'® The lack of a Cassegrain subreflector with its feed

spillover contributions to the sidelobe envelope and feed or
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subreflector,/spar blockage provide the offset MBTA with excep-
tional wide-~angle sidelobe envelopes. The principal plane pat-
terns of the 27-ft-diameter MBTA (D/R = 0.4) gecometry in the 4-,
12—, and 30~GHz receive bands are shown in Figures 5~52 through
5-57. The higher frequency band patterns indicate the effects of
spherical aberration in the offset reflector. The ¢ = 90% pat-
tern broadens symmetrically, while the ¢ = (° pattern becomes
more asymmetrical and the =€ scanning effect is more visible. A
corrugated feed horn pattern was used to calculate these resul-s.

The X-band patterns for a 48~ft-diameter MBTA with D/R
= 0.3 are shown in Figures 5-58 and 5-59., A corrugated feed horn
pattern was utilized for the pattern calculations. The maximum
cross-polarization lobe is lower for the D/R = 0.3 geometry,
since the reflector surface is flatter. Figure 5-60 shows the
D/R = 0.3 offset geometry approuximately to scale.

(¥4}
[
o

NOISE TEMPERATURE AND FEED SPILLOVER

The calculated and measured antenna noise temperatures
for the offset front-fed MBTA are remarkably good. The antenna
temperature measured on COMSAT Laboratories'! 32- x 55-f& MBTA
(elevation angle = 21.6°) was 23 K at 3.95 GHz.

Exceptional noise temperature characteristics are a re-
sult of the following:

a. a corrugated feed horn with a rotationally symmetric
(Gaussian) amplitude pattern which has virtuallv no sidelobes,

b. the lack of aperture blockage (feed, subreflector, or
spars) and forward feed spillover past a subreflector (Cassegrain
geometries), and

c. an oversize reflecting aperture relative to the re-

quired aperture area, which also reduces reflector spillover.
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g’“g’ The corrugated feed horn patterns minimize feed spill- o
k j over energy past the reflector. In addition, the corrugated horn !f
| 1 has excepticnally low backscatter patterns as a result of the
i“§ highly tapered feed horn amplitude distribution. Electromagnetic .€
J ‘ fields are zero at the edges of. the aperture. Hence, exterior e
f"' currents, which would contribute to a backscatter pattern, are :
' not induced on the outside of the horn. ;
Fﬁ The percentage of corrugated feed horn energy beyond a
= specified amplitude level is
180° 360° )
f f p(8) sin 6 do d¢
spillover = — d (5=120)
P 1680° 360°
Jr Jr P(B6) sin 6 48 d¢
0 ]
where 85 is one-half the feed illumination angle.
Li
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With a rotationally symmetric feed amplitude pattern,
the feed spillover beyond a specified illumination half~angle is

ALY

180+

f P(8) sin 6 de
9
spillover = ——er (5-121)

P(9) sin 8 de€

B e B I

e TR e Y et el

figure 5-61 shows the spillover characteristics of corrugated
feed horns with beamwidths applicable to the offset MBTA geom-
etries. A -10-dB edge taper over the 28¢ 24.4° feed illumirna-
tion angle of the baseline D = 27 ft, D/R = 0.4 geometry gives
less than 0.57 dB of spillover. Increasing the edge taper to
-15 dB reduces the spillover to 0.18 dB.

The lack of aperture blockage and forward feed spillover
past a subreflector results in excellent wide~angle sidelobes for
the MBTA. Aperture blockage raises the average sidelobe level

P g —

ety

P LR

and is a major source of wide-angle scatter in large-aperture an-

4 WL?JQ%-‘@; O N . o e Y

tenna systems. Forward feed spillover in Cassegrain geometries
partially couples to a warm earth and generally gives rise to a
significant sidelobe contribution along the geostationary arc at
an angle off the beam axis that corresponds to the feed spillover
angle past the subreflector. The gain (in dBi) of this sidelobe
contribution is the feed system gain at the specified angle if
the feed spillover contribution is significantly larger than the
sidelcbe contribution of the reflector aperture illumination.
Figure 5-62 shows the aperture illuminated areas on the
MBTA for beams at the center and edge of the field of view. For
the majority of beam positions, most of the feed “spillover" past
the circular illumination area is collimated by the reflector and

T e T T T e e e e s e

appears in the main beam,

5-381
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The calculated antenna temperature characteristics cof
\ the offset MBTA at ¥-band are shown in Pigure 5~63 as a function .
- of the local elevation angle. This curve, which is applicable to

| Raes

both the D = 27 ft and b = 48 ft MBTA geometries, includes 0.1-dB -
feed system losses. Additional logses would add % '
2

Tyeep Loss (K} * loss (dB) (E%TEEE) (5~122)
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5,15 ABERRATION-CORRECTING STIBREFLECTORS

Aberration-correcting subreflectors?® have been inves-
tigated al COMSAT Laboratories as a means of nhtaining better
aperture illumination efficiencies in large-aperture (D/\ > 300)
offset MBTA antennas. The correcting subreflector concept, shown
in Figure 5-64, involves the design of 2 second reflecting sur-
face between +he aperture plane of the MBTA and a designated feed
position so that the path length from any point in the aperture
to the feed position is identical. To realize a reasonably shaped

5«94
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subreflector design, it was found necessary to displace the para-
bolic and spherical fuci of the MBTA. Hence, because the cor-
récted META reflectur has very poor efficiency when utilized with

" a focal point feed, all frequency bands (ranges of DAY that uti-

lize the corrected MBTA configuration must operate in conjunction

- with a correcting subreflector.

In principle, a correcting cubreflector could improve

‘the aperture illumination efficiency associated with the smaller
radius of curvature MBTA éesign (D/R = 0.5) and permit the use of
“emallzr aperture dimension ratios (W/D) for a specified field of
‘wiew. The -correcting subreflector surface is lossless and a aim-
" ple feed horn is used. '

‘ There are several disadﬁantages associated with the use
of an aberration-correcting subreflector. The first is the
mechanical complexity asscciated with the feed/subreflector sys-
tem. The feed and subreflector must be carefully aligned and
must maintain their alignment while botii travel on different
radii of curvature to scan the beam, PFor larger aperture X-band
antennas, the subreflector diameter would typically be 5-10 ft
and the precision subreflector surface required would have to be
protected.

Use of the aberration=-correcting subreflector results
in a considerable increase in the minimum beam spacing along the
geosynchronous arc. Figure 5-65 shows that the diamcter of the
subreflector limits the minimum beam spacing rathey than the
diameter of the feed horn aperture. Figure 5-66 is a photograph
of the correcting subreflector that was designed and tested on a
10-£ft scale model torus at COMSAT Laboratories. The aberration-
correcting torus demcnstrated aperture illumination efficiencies
of n = 72 percent for D/A < 43C. The -10-in, correcting subre-
flector diameter for the 10-ft scale model would correspond to
4 feet for a d8-fit-diameter MBTA.
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Phase-Corrective Subreflector Designed and

Tested at COMSAT Laboratcries

Jure 5-66.

U
i

98




o2 g N R B9 e

e

[ B N - o B o T S B e B oo N L

e en

COMZAT Labs Multiple Beam Toras
Antenna Study

5.16 ABERRATION~-CORRECTING FEEDS

A8 a second method of cffsettiny the spherical aberra-
tion associated with large-aperture MBTAs, COMSAT Laboratories
has developed a unique aberration-correcting feed system con-
cept.?! The primary feed iliumination phase pattern is designed
to. compensate for the spherical aberration phase errors??:23 of
the reflector system, The feed system required to correct for
spherical aberration effects has the characteristics shown in
Figure 5-67. The amplitude pattern is rotationally Symmetxic.
The phase patterns, which are uniform in the plane of the para-
bolic section, have a phase characteristic in orthogonal direc-
tions which is the inverse cf the phase errxor introduced by the
spherical aberration of the reflector.

A simple 3-element array implementation of an
aberration-correcting feed system is shown in Figure 5-68. If
the element pattern factors associated with the certral and outer
nl ( 19)

elements are respectively cos and cos™? (x,0), the feed

O

X

array voltage becomes
E(8,¢) = cosP? (x316)
+ 2a cosP? (x39) el? cos (Qﬁ = sin 6 sin ¢) (5~-123)

The greatest amount of phase variation in the ¢ = 90° plane is
obtained for a given outer element amplitude weight, a, by

setting

9 = x9Q° (5~124)

Thie phase pattern in the non-arrayed plane ig then

2a cosP? (x6)
¥(8,0°) = tan=i { = 2 {5=125)

coshl (x;6)

5-G9
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Figure 5-68. I-Element Aberration-Correcting
Feed Array

- A uniform phase (independent of #) reguires identical
elenent patterns

cosnl (x;8) = cos®? (x50) (5-126)

The phase pattern in the arrayed plane then becomes

v(4,9%0¢) = tan-1 [Za cos (Rﬂ % sin 6)]
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The ampli{..' =f this phase distributlon is determined primarily
by a, the relative voltage welght of the two cuter array elements;
the spatial distribution is determined primarily by d/\, the feed
element diameters. Figure 5-69 shows the amplitude and phase
patterns of a 3-element array. There i& generally a tradeoff
between the desired amplitude and phase patterns, In terms of
transmission, the outer feec elements can be assumed to create
“mini-beams" in the geosynchronous arc plane which are phased to
narrow th2 beam provided by the central feed element.

Figure 5-70 shows 5- and 7-element array feeds that
provide additional degrees of freedom in realizing aberration-~
correcting feed arrays. The corrected and uncorrected principal
plane patterns of a symmetrical MBTA gecmetry (D/X = 1300, D/R
= 0.5) are shown in Figure 5-71, A S-element array feed improves
the directivity by 0.8 4B, and the overall aperture illuwination
efficiency, n, increases from 60 to 72 percent. The corrected
and uncorrected patterns in the geosynchronous plane for an off-
set MBTA (P/X = 820, D/R = 0.4, and l0-percent offset) are com-
pared in Figure 5-72. The directivity improves by 1.3 dB with a
4~element aberration-correcting feed.

Further work is necessary to fully evaluate the capa~
bilities of aberration-correcting feed systems in the MBTA. The
improvement in beam directivity must be weighed againct increased
feed system complexity and losseg. One major advantage or the
correcting faed system is that it is used with MBTA geometries
designed for focal point feeds. Hence, lower fregquency bands can
utilize a single focal point feed, while higher frequency bands
associated with increased spherical aberration can utilize an
aberration-correcting feed array. Of course, the minimum beam
spacing increases with the effective diameter of the aberration-
correcting feed system.
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6. MECHANICAL AND STRUCTURAL CHARACTERISTICS
OF THE UNCORRECTED FRONT-FED MBTA

6.1 WORLDWIDE DEPLOYMENT CONSIDERATIONS

The decision to restrict detailed mechanical and struc-
tural analysis to the case of 54-dB gain at 7.25 GHz resulted in
-the selection of the 27-ft aperture as the basic MBTA to be cona-
sidered. Fixing electrical performance parameters such as ¢g»
YoV, D/R, F/R, and D/) yields an overall aechanical description
of the reflector as summarized in the specifications table. The
projected aperture dimensions, W x D, are 60 x 27 ft (18 x 8 m),
with the generating paraboula vertex offset from the bettom edge
of the reflector by 3 ft (0.9 m}. The aperture width/diameter
(W/D) parameter is related to the electrical parameters FOV and
D/R as follows:

W ! sin (FOV) l l FOVRAD
-—= + = S r—— -
/ 1 / 1l (6 l).

The amount of offset, d, of the bottom edge of the parabola from
the feed center is based on mechanical criteria of feed rail sup-
port and expected building roof dimensions as well as the amount
of parabolic plane beam scan required. This distance enables the
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was found to satisfy electrical performance criteria at all loca- :'h}7
tions. The range of latitudes and differential longitudes to '
which the torus geometry is applicable varies from 0° to 75‘;'

corresponding to locations with elevation anygles greater than 5¢.

Mechanical description of the single reflector/backup

structure begins with the generating parabola definition,

‘- 22 | e U

* T IF
where the focal length, F, is defined on the basis of parameters : ;;fﬁd

D, b/R, and ¥/R. Figure 6~1 shows the rotation of the generating

o

B B
[

parsbola into the .local coordinates system x,y,2 according to the

transformation

——vie

LT 4
o

x} cos a 0 sin alfx" . b
yl = ) 1 v o (6-3) I
L%] ~ginae 0 cos a LZ“J -u

where a = ¥p - 90°. ' §¥1';
Figure 6~2 shows the derivation of the angle of circu-

lar rotation: t *

(6~4)

. D
B = FOV® + 2 sin=l -
{ZRHID}

where Ryyp is the radius of curvature at reflector aperture
height d + Ds2. These two rotations define the parabolic torus
surface in the local coordinate gystem., If a comuen backup struc-

ture ig Gefined in the x,y,z system, as shown in Flgure 6«3, it

FaY

can be rotated with the reflector surface about angle 8 to form a

universal structure wi*h the same electrical performance regard-
less of location., The support structure becomes the means of

translating the torus into 3ts global coordinates,
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7 Dhe relationship between the antenna local coordinutes

and tha'positiﬁn-dependent global coordinates is defined via

three angles: the surface generation angle, a, the elevation

~angle in the aperture plane, £, and the torus azimuth angle in
the aperture plane, Q. Angles £ and &, whieh are functions of
latitude, differential lohgitude from the ecarth station to the
subsatellite position, and the ratios of earth radius to satel-
lite orbit distance, are defined au?®

R AR

COS ¢ COS A - nz] (6=5)

£ = tan-l [ e
sl ¥

T e T

A
” Q = tan-t [(sin2 Yy - cos*® ¢)43 m — CO5 U 1&] (6-6) !ﬂ
i‘ cos < (1 + m& « 2m cos ) %" fg
il
where &é
= earth radius/satcllite + earth radius i

ground station latitude

= longitudinal separation of ground station
from the subsatell:iis position

cos=! {cos ¢ cos A]

> O &
i

$zF e fent
<
n

The mounting coordinates are found by translating tha
local coordinates through the three angles, as shown in Fig-

7

: ure 6-4. The translurmation relaticaship betwesn the v, v,z and
! i .
: clobal X,Y,2 systems is
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X,¥.2 define the glokal system

"/" x,y,2 define the local coordinate
system

Figure 6-4., Coordinate System Rotation Angles

For the analysis five sites, listed in Table 6~1, have
been chosen to represent the diwversity resulting from worldwide
deployment of the MBTA, These sites, which represent the poten-
tial pread of the differential longitude and latitude of exist-
ing DCA antennas, are chosen relative to a central satellite
lczation at 333°00'00"C longitude. The locations of COMSAT Lals
(Fort Nietrick) and Sweden represent the majority of stations
i P, setween 20° and 60° latitude and 20° to 60° differential
1or ide. Iceland represents the case of extreme latitude, but
the  .cenna mounting does not change radically from the previous

cage.

o e
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Table 6-1. Representative Sites for Worldwide
MBTA Deployment

Differential

Site Longitude Latitude Longitude

Mt. Margret 37°E 2°g 64°
Sweden 13°E €0°N 40°
Iceland 3450°E 66°N 2°
Ascension Island 346°E 7°s ' 13°
COMSAT Laboratories 282.7°E 39.2°N -50,3°

Mt. Margret and Ascension Island represent the two ex-
treme siting lccations, Only iwo DCA antenna sites zppear to f£21)
in the Ascension Island category of nearly horizontal aperture
plane with the station at the subsatellite point. This case
should not present any special mechanical problems, since its

horizontal attitude precludes severe wind loading effects. The

Mt. Margret locacion represents those earth stations at extrenme
differential lorngitude (»60°) and low latitude {<20°), Several
DCA earth stations appear to fall in this category. This type of
antenna attitude experiences the most severe environmental ef-
fects, If the same type of support structure is used for all an-
tennas, it will provide the least stiffness for these locations
due to the reflector's extreme heiyht.

€.2 MECHANICAL CONSIDERATIONS

Tha glectrical parformance requirements are satisfied
by a 27-ft reflector with D/R = 0.4. However, the wechanical
probklem is to maintain the stringent RF gain requirements, espe-

cially »t higher frequencies. The relationship
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* kf
} SR

. 4me . 2 . :
Gy = 10 logig exp{- - coRr (ﬁgsf)] - ‘6~3)

defines the correspondence between gain degradation of the an-
tenna (G;) and the normal surface root-mean square (rms) devia-
tion (e), where A is the beam wavelength, and 68555 is the feed

G

73
=

peinting angle,

The basic specifications require the design of one
structure whose surface deformation is small encugh under normal
conditions to realize 54-dB gain at 7.25 GHz. A second iteration
? of the same structure was performed to further reduce surface fj

errors to meet the mcre stringent reguirements at 20 and 30 GHz. _jf@
Figure 6-5 plots the curves of gain losg vs surface deviation in ?'
incher for the RF bands under consideration. The steep slope of
the curves at higher freguencies emphasizes the performance limi=-
tations associated with surface tolerances above the 11/14-GHz

I bands, More gain loss must be allowed at these frequencies under
-1 the same environmental conditions. If the gain loss mugt be held
to 0.5 @B under operational conditions at 20/30 GHz, a radome
protective structure such as that shown in Figure 6~6 may be

——

- necessary.

i ’ For the baseline antenna, the maximum rms error consid-

B | ered was 0.040 in. (1 mm), allowing a maximum gain degradation of o
0.5 dB at 8.4 GHz. The degraded performance specification was set :

0.75 dB at 20 GHz and 1.5 dB at 50 GHz. LE3ign iteraliviie woas

‘ at 0.060-in. (l.5-rm) deformation for 1-dB allowable gain loss in BT
the 7/8~GHz bancd. The effect of restricting surface deformation s fg

te 0.020 in. (0.5 mm) was investigated for higher frequency anw ;f

tenna performance. In this case, the gain loss is rzstricted to ‘j g

!

. e s v - N

performad to identify the required strucitural characteristics for

g

|

|

|

.
achieving 0.040~ and 0.020-«in, surface tolerances. o
. b
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Figure é-6. MBTA with Radome Environmental
Proteztion

The feed transport mechanism considered for the study
is based on & design that has been built and tested at COMSAT
Labs.?® Although the transport shown in PFigures 6-7 and 6-8 uti-

lizes a front rail support upon the wall of the building, a bot-
tom rail support may be used so that the transport will have an
independent support and foundation.

'The narrow width of the transport allows two adjacent
feeds to be separated by approxinately 2¢. Additionally, the
wiiversality of the transport design permits it to operate at any
azimuth angle in the aperture plane. The self-contained drive
and support features of this t:anspurt'allow any feed o bhe
mounted with a wide variation in allowable center of graviiy anua
feed weight,

The two orthogonal drives are capable of tracking both
spacecraft diurnal motions and spacecraft station vaxriations

using an cpen-loop control system driven by a minicomputer.

6-10
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6.3 STRUCTURAL DESIGH CONSIDERATIONS

The most difficult structural design-probi&m i to
obtain a single antenna structure package that is suitable for
all potential sites and environmental criteria. Only minox modi-
fications in the antenna support and feed tower structures can be
made to suit the individual station requirement.
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Figure 6-9, Reflector Geometry

as defined by the RF transmigsion data (Figure 6~9),
the reflector geometry is symmetric about the axis of revolution.
Across the parabolic arc the curvature of each section is unique.
Thus, the cost of fabricating the individual molds or mandrels
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-can be reduced by ninimizing the number of parabolic panels. Howw
aver, other considerations including handling, storage, and ship-

' ping become important, especially as the aperture diameter size .

increases. Figure 6-10 shows the configuration that is considered
optimun based on a tradeoff study. For a reflectcr in the 27-ft=-

‘aperture-diameter range, a configuration of four parabulic and

eight circular sections appedrs to be advantageous in terms of

weight cmd complexity. ﬁ""‘“ VIEW
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Figure 6-10, 27-ft MBTA Rerlector Panel Configuration

The backup Structure for this panel configuration pe-
guires a support at each panel corner, adeqguate stiffness, modu-
larity. reasonable welght, simply ercctable connectionsg, and
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universal applicability. »rigure 6-3 shows the primary vertical

members. A triangular sping truss is rotated about the axis of

_ revolution, and a vertical itruas is puilt erouns the spine at

N \ . @ach cirgular ?anel section. The wvertical members are stabilized

f ﬂ by secondary herizontal ‘trusses algo following: the curvature of
the axis of revolution. Additional diagonal bf&cing 18 added

ﬁ during stouctural analysis to obtain the veguired structural

i

Stlffness and machanical performance. Figure 6-11, which shows i
typical backup truss, indicates the location of diagonal members
and wertical and horizontai trusses. The reflector surface would
ke tied into the backup truss chrough adjustable support mecha-
nighg o enabie the maintenance of prope: peuel alignment and
contour and thermal stress reliel between the aluminum panels and

Pt i

steel menbérs. o .

A J=-point pickup support enables perfect alignment of
the elevation and tilt angles of the reflector during erection.
Howewey, for a gtructure of 60 w 27 ft or mare, the stiffness of

ik

' =

“only thrée supports would bg inadequate to maintain performance

even at lower frequencies, Consequently, a minimum of four sup-
port points has been adopted. The configuration shown in Fig-

Pz

ure €6-~12 has the required stiffness for the I7-ft reflector at
most locations under all specified conditions. For earth stations
for which a more extreme positioning or tighter rms tolerance is

required, a support of six or more points might be necessary
{Figure 6~13).

The feed transport building is assumed to be a pre-
engineered environmental enclosure for a cost-effective struc-

|

pes

ture. To onzurs that envirgcnmental offocte An not result in beam
Aeformation, the feed wechanism support is assumed to be indepen-
dent of the enclosure's foundation, The minimum building size of

bz

12 £t on a side accommodates other mechanical and elactrical

s

eguiprent and provides work room around the transport mechanism.

Lo S
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ot L 6.4 " APPLIED LOADS ANALVBIS

To design a universally applicable torus antenna, the
bagic system specifications have been used to define the reguived
loading conditions fdr'a;l murbers and the nﬁcessaty i perfor-

',Hmance of the final structire under those conditions. The-bnsi§,4
- forces applied to the MBTA structural model to test ita perfor-
 mance age wind, gravity, and temperature variations. Of these

thepe, wind loading is by far the most severe design condition.

o e Y A aanetn

¢.4.1 . GRAVITY

The dhflectior of the structure under its own weight 1is

S PRUYS S DR A

o ——e o

'culcukuucd alone and in combination with the other forues. Since

gravxty.xs a gtatic load, its effects can be offset by applying a
\correctivu deflection at each of the panel support points duving

@:ectlon.

-

6.4:2  WIND

o - . The operational, degraded operational, and survival
. wind loads are defined in the specifications as 45, 60, and

125 mph, respectively., Wind forces are applied to. the structure

| . Ly caloulating the w'nd prassure on the rexlcctor panels accard~

Lng Ty the relatlonshxp

b ' B P = gCpV2 - (5-9)
! . . . . .

where )
‘wind welousity in oph

<
I

dizdlkarge coeffiviant = 1.4

Ke!
©
®

q = @manic air pressure = 0,00256
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.- The net forcew .ﬁppliﬂ&."tc--uach 'jc'im.‘.-_‘ca;ﬁ the backup
| structure is the wind pressure times the projected péme'.‘. suriace
area in the direction of the lowd. Both frokt and side wind
_.‘.{L-“.\‘;zxeé:; are. culoulated o determing the worst~case conditions for
‘desiguiithe global X and Y axes are used ¢o define tront snd side
'-‘wi’.'ii&'ldiz:_mctiong,., Figure 6-14 dumonstrates ‘&he"w‘rigg@m in pro-.
Jected \'&,;,_r_ad."-‘s;ufﬁac@_afeai.wit‘h change in station location.

|

=)

LATITUOE

e: .

.
‘f;i"-k w w 1) AD vo @l
CENY Rdu : OFFLEREWTIML LRNGITLOE
CATELLITE
PORLT LN

]
& L
s

% : Figure 6~-14, Yommalized Projected Area [A/(W x T)]
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6.4.3 TEMPERATURE \

R s~ tex, o o oY

Structural deflections due to a 10°F {(5.5°C) differen-

tial temperature between the front surface (reflector jeints) and
%{_ ; the backup and support structures are calculated. This loading
] condition represents the case in which solar reflecticon warms up

the exposed reflectcr surface faster than the sheltered struc-~

tural members, for exampie, in the early morning.

6.5 ALLOWABLE DEFORMATION AND TILT ERROR BUDGET

6.5.1 SURFACE rms

Manufacturing tolerances, rigging adjustments, and de-

flections due to gravity, wind, and thermal loads are sources of

surface deformation., For a first design iteratiun the total

aliowable rms error budget, €q, is split =2qually among the three

separate categories, wanufocturing (em) erection (er), and en-

vironment {ee), since their effects are ncorrelated?’:

n "
- 2,42 _ . 2 .2 2,42 (oo
- 2 (1% = (g2 + 2 + €2) (6-10)
i=1

The total environmental rms error is tha sum of the de-

flectionz of the panel surface (ep) and the backup/support struc- -

tures (eg) due to wind, thermal, and gravity forces:

- = g2 2142 N
tq = L2 % e21¥ (6-11)
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Manutacturing and rigging rms exrors are considered as a total
for the whole system. ’ | L - |
The basic MBTA reguired gain of 54 dB at 7.25 GHz calls
for a mi.aimum operational rms surface tolerance of 0,040 in.
(1 mm), including 0.023-in., (0.58-mm) deformation due to each of
the manufacturing, erection, and environmental effects. If these
cffects are kept equal, the deflection due to wind, temperature,
and gravity is limited to 0.016 in, (0.4l mm) each for the panels
and support ~tructure, Ideally the deflection of the structure
under its cown weight is corrected during erection, and_the dis-
tortions due to differential temperature are relatively small.
Cansequently, the majority of the enviren:ental errors can be
budgeted to the wind load deformations.

POINTING ERROR

The possible sources of pointing error are wind,
gravity, end thermal deflections of the support structure; align-
went errors during erection of' the antenna; and displacements of
the feed. Deflecticon of the feed structure itself can be elimi-
nated by separating the foundation and supports of the feed
nmechanism and thz feed tower, Thus, the feed travel is not sub-
jected to displacement due to wind loads on the building walls orx
‘thermal distortions in its controlled environment., Adjustments
ool the feed can be used to compensate for the lateral displace-
ment of the reflector siructure and reduce the pointing error.
Hence, displacements due to overall MBTA pointing error are sub-
tracted from tre total aisplacement at each puinl to ohtain tho

uncerrected rms surface error.
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and common overall size and weight, The maximum panel dimension

‘way chosen as 9 ft to accommodate shipping size limitationa.

2luminum was used as the basic surface material due to its good
Gtrength—toeweight ratio, availability, good RF characteristics,
relatively low cost, and the large number of fabrication houses
familiar with ii8 use in curved pancels., For ease ul ereci.iuu i
was decided o limit backup structure connections to simple sup-

ports at each corner point,

6-22
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6.5 §TRUCTURAL_MODEL o . R S
The R¥ tranamxsaion Adata aaflne the generat*ng para— i o
‘bolic tor01da; 5urfhce ' ;
24 = 8Fz? = 1672 (x2 + y?) + 16(FR)Z = 0 o (6-12) A
wheze x, ¥, and z are”calculated via transformation eqﬁa— L"'-g
;:tion,(6~3);,”The four basic parts of the torus antenna are the 1 .%
.reflector surface panels, the backup truss, the support struc- . ,g
ture, and the concrete foundation. Since the1backup,.support, ; _g
- and foundation are dependent on the panel size, and nuwber aud .4
type of cbrner supports, design iterations were first performed ' ' ?:
‘on a typical reflector surface panel to optimize its paramaters. 3;
€.6.1 DPANELS _§
| ‘ E
o o
Panel optimizatiorn involved finding a practical design g
of minimuﬁ cost and weiyht., The factors influencing the design ' f
were material type, fabrication, asrembly technigues, trangport- 3
ability, and erection ease. It was decided to limit the design %
0 established fabrication techniques, easily available materials, ?

S
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Por- large panels, the advaniages .in terms of cost weve

as. follows:

a. few manufacturing wandrels,

less joints for nimpler_éxection procedures,
¢. greater alignment control, and

d. a simpier backep structure.

Fox smaller panels the advhnta as were as follows:

1

Bon gt pat g
v

llght welight tcr ease of shxpmlng and handllng,

| e
P

‘b. greatey. stxftness for each panel,

c. @ase of manufacture, and

B
P

. lower cost per unit area.

in addltlon, the Zollowing punel material configuration tradcoffs

= e

a. solld aluminum piate,

b. thin aluminum plate backed with corrugated aluminum

e

shaet,

¢. thin aluminum plate with aluminum stiffeners, or

d. saluminum honeycomb with aluminum face skins.

To determine the optimum plate size and configuration,
the maximum s deviation is defined as

Bmd peik kﬂ?

—_ (6-13)

o]
24
=4
1

LY

m s s
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where dg,, i8 the maximum allowablie panel deflection;”?ﬂrom the
errcr budget, Spag is 0.014 in, (0,989 cm)'aﬁa30 628 ;n.
(0.176 cm), respectively, for 20~ and 4¢-mil ow'rﬁllﬂrms toley~

ances in 45-mph winds.

For simplicity, the plates are assumed to be flat for :

the initial sizing. This is a congservative agsumption since

curved plates have greater rigidity than flat . <.« The de-

flection of corner-supported asquare plates is uefined as??

- a - i
Smax = @ = (6-14)

= function of edge stiffness = 0.0249

= uyniform wind ioad = 0.050 1lb/in? (0.034 N/em?)
gide dimension

= plate stiffness = Eh3/{12(1 - v?)]

= 107 psi (7 x 106 N/em?), the aluminum modulus

Moo e
i

of elasticity

v = Poisson's ratio = 0.3

h = plate equivalent thickness

The resultant equivalent plate thickness required for

various rm8 surface tolerances is shown in Figure 6~15, This fig-

ure indicates that the minimum total weight is 22,5 psf (1089 N/

cm?) for a solid aluminum 8~ft square plate cornfiguration vs
8.9 psf (427 N/m2) for a 4-ft plate. The equivalent plate thick-
ie5s for corrugated honeycomb or beam=-stiffened thin plates is

where I is the section area moment of inertia per unit length.

6=~24
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Figure 6-15 indicates the critical relationship of -
panel size to surface tolerance. Since the 60-mph curve dominates
in both cases, the recommended maximuwn panel sizes appear to be

8 and & ft for the 40- and 20-mil cases, respectively. Some ei-

imples of egquivalent stiffened plates are shown in Figure 6-16.
For a typical 8-ft square plate, the section moment of inertia
required to meet the 60-r°1l surface tolerance criteria at &0 mph
would be 0.42 in3/in. (2,7 cmi/em).

Regardless of confiquration; the thinnest aluminum face
sheet used wi. 0,060 in, (0.1%2 cm) tc protect thz reflector sur-

‘face from permanent deformation due to the impact of hailstones

or other moderate size particles.®’3% Based on a maximum panel
dir <i=ion of 9 ft (2.7 m), several reflector configurations were
anat..ed (Figure 6-17). To reduce wind deflections on the struc-
the four corner panels were shaped to eliminate unnecessary
«~C@ area. The configuration of three parabolic panel sections
would require irregularly shaped corner panels to accomplish the
area reduction without gain loss, Simple triangular corner panels
can be used with four parabolic panel sections to minimize area
reduction. I

6.6.2 BACKUP STRUCTURE

Based on the results of the panel optimization, a stiff,
lightweight, universal support was needed for the reflector. To
add commonality to both the backup structure and the reflector,
the main structural frame is a basic vertilcal truss structure
tied to the panels at each corner point, Tha generatinyg tiuss io
rotated about the axis of revolution of the reflector. Additional
stiffness is obtained by tying each vertical frame together via
horizontal trusses and diagonal bracing. Given the latitude and

6-26 ' t

[FRNN (PE SRV



P B e e T e R R T T R

ML L0 a‘ﬂ%m“u\\!lh__h\v. vﬂm*%—‘\tdi\. 1 o ey

B o o e = PP

=27

{
}
i
!

Antenna Study
1
— 1

?

Multiple Beam Torus
l—q

-j[-nf surface
—

wing Channel Stiffeners
Reflector Panel Cross Secition

7

L— Corrugated Sheet
Houeycomb Core

-
f
N\

W
z"_/

Figure 6-16

Neutral

Axis

COMSAT Labs .

w8 B e 6 omd sed wed bl b bed Bl B ERD B R e b el ot

e e e e e e i e e e e Y e S S 3 o 4 AN TR T e DS e Nt I Sttt
i e e - e e rn et~y et

SR Y [ A e e s N T et D



Multiple Beam Torus
Antenna Study

!

- B v

1

COMSAT Labsg

i‘-—-———-—— 7‘ nl_an

21 Panels
80 Connections

X

2-11 2-14 2

3-1§ 3-14 3-1

lo

|

12 Panels
124 Connections

89 7!_6- —_——4

|

L,

40 Panels

156 Connections

Figure 6=17.

/
108 6'-0" ————-—-—*-t

pancl Configuraticons

v Circular

O T R A

L L

L




ol pevt e SR BAE O BNE fB3 MR ERE sl

COMSAT Labs ' | Multiple Beam Torus
Antenna Study

longitude 4t the desired earth station location, the backup
structure and reflector panels are then rotated into the global
coordinate system via transformation equation (6-7), Scme typical
configurations considered for the generating vertical truis are
shown in Figure 6-18.

After pancl analysis design iterations, it was decided
to use a 4 ¥ § panel reflector surface as the baseline configura-
ticx., The panel layout shown in Figure 6-19% was chosen for de-
sign iterations, The nine vertical trusses freguired for this
contiguration are supported by the main spine truss genoratoed as
& curve about the axis of rotation of the reflector. _

All members in thisg analysis are AJH structural steel
in commonly available sizes, Ideally the reflcctor surface panels
are attached o the truss at each corner oy rods with adjustment
mechanisms to make alignueant corrections during erection.

A 4-point attachment to the support structure was uged

for the initizl degign iterations. R detailed view of the backup
structure reduced from a WASTFAL plot f2r the 27—t MBTA is shown

in Pigure 6-20.

6.5.3 SUPPORT POINTS

Thiz type of suppourt wemoers is determined by the re-
quired stiffness of the torus structure in its operaticrnal posi-
tion. The structural stiffness in turn is a function of the
number and spacing of pickup and foundation points, the unbraced
length of the steel members, and their relative configuration.
Thus, each locatich reguives a unique support structure to accow-
modate its antenna positiloning.

\

C e
f R
EEa 2

e e aeyes



le Beam Sorus

ipd
Antenna Study

Lt

M

T
B v
. T

R i e g T e

- S

O R~

H K
[URAS SRR M S
3 ! .
i
J !
M. S Rk T
{ o
e e < e P
. i
s i ¢
- %n\.\-lr\_.le - .1((
!
$- . . .
- ,Tvl. B R iE SR
B . .
i P

1R S
o0 ) .
T ' -
¥ | ?
t I i
PR S S S
) .
i P \
et ot e o e i B o W o
H :
e - +
e e e -
Y T NI e
. H i f
_...uu -~ -
s . i
i

e

\

e et A T g

5

iguraticns

-
-

Vertical Truss Con

Pigure 6~18,




By LA LR B o A A Mo st e e e 4

22 oo B

iy

6-31

-

Antenna Study

T e YR

Multiple Sedn Torus

CORNER, PUNIES -
Foi. ADJUSTMERT
MGLOED o

EDGE BEAME

Typical Panel Layout

-
 STIEFENERS

el

' W v e ean e W Gmmm e NOF e

Figure 6-19,

EQUALLY _
SPALED
= EDGE BEAM
1
}
{
i
¥
\
\
{
¢
|
|
i
b

—
" e e w——

%
{
t
!
i
i
{
!

f
A
A’

g
a)

EDGE.
BEAMS

Lr »
XN
I8
!y
[

(]

[}

i
‘ l
}

i
f
i
"\‘I‘}‘
Ty

T COMSAT Labs

Ak 11 1 R R Bt A T e e S T L e e




s

QOMBEAT

fultiple Beam Torus

Antenna Study

o b et o e (o

e
e L TV

g

O PR

u\s\ti. e S s o

- P

:
1)

s

ey s of

R

.— I3
; |

NASTRAN Plot of Backup Structure

Figure 6-20.

(=32

iy



e ey Ay

- COM3AT Labs ' Multiple Beam Torus
Anterina Study

e s R T

the simple 7-momber $teel support structure shown in
Figure é-21 wag used for desigw iterations of the basic TN af-
tenna. It uBEs & lower tripod as the main static load carrying
member. The dynamic wind load is transmitted through the V and A
trames to ground. The V frame can also serve as a pivot mechanism

TS -

for correcting the tilt of the antenna during ercction. This pax-
ticular support system is not a self-standing structure; che
backup strudturce member assembly must be included to achiave
overall stabilizy.??

Pigure t-11 shows a stable and less flexible support
structure, This configuration might e snecussary at sites wiere
the most severe wind load overiursing nesents ocgur, o where,
becaase of the extreme lonyth of the V and A frame members and
the required antenna Sige ¢f oxtreme site location, the b-mamber
design 18 unconsarvative.

Figure 6-22 shows the stiffness requirements of the
same rLfluctor translated to different locations. The projected
area times maximum reflectoy height is noramalized to its surface
arga times the aperturce helight to give a meagure of the relative
wind loading deformation eroeblem, It can be seen that the dynamic
deflections at the Mt, Margret locavion are potentially six times
as sevare as those at <he Ascension Island location,

6.7 STRUCTURAL LAYOUTY

The MBTA-11 program, developed at COMSAT Labs, estab-

-llsnes the precise geometrical coorulnates of antenna panels,
backup, support siructures, and feeds based on optimum RF payam-
eters and site location. The main part of the program lays out

e panel and pancl support geometry, front and side wind loads,
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Plane Phase Errors
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{minimum weighted phase error) is expected for 0.48 < F/R < 0.485.
In Figure 5-26, which shows the calculated gain of an offset MBTA
with a specified feed amplitude taper, the middle curve (D/R
= 0.4) indicates a maximum gain at F/R = 0.483. The generating
axis angle, ¢5, is slightly different for the antenna geometries
(¢g = 90 + 93.5°) compared in these two figures. The conclusion,
which will alsoc be demonstrated later; is that small changes in
¢y do not markedly affect the aperture plane phase error
distributicen.

Figure 5-27 shows the center of aperture plane phase
errors when the offset distance, d, is increased to 6 £t (d/D
= 22 percent). A comparison of Figures 5-25 and 5-27 indicates
that the F/R optimization is guite sensitivemto the offset
distance. Figure 5-28 shows the center of aperture plane phase

errors for the D/R = 0.3 gecmetry. Comparison with Figure 5-25
again demonstrates that the feed positioning (F/R) can be opti-
mized on the basis of a relatively simple aperture phase error
expression. S .
The full aperture plane phase errors for the baseline
META configuration are shown in Figure 5-29, The phase error

distribution is symmetrical in y, but the offset configuration
gives rise to an asymmetrical distribution in x (except at the

il ot Beid e Fa Dl BN B BN SR BN R

cernter of the aperture, since tne feed is at the focus of the
parabolic section). The effective radius of the curvature is
changing as a function of x [eguation (5-69)] over the aperture.
The path lengths to positions un the top portion of the aperture
are shorter than those to the bottom portion of the aperture. |

Hence, the parabolic plane pattern tends to be scanned somewhat .
in the (-8) direction.
The aperture plane phase errors can be directly scaled

by B/A. As the frequency increases the edge of aperture phase

errors increase in magnitude until voltage contributions from the
edge of the aperture actually cause a decrease in peak gain.

R
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Plane Phase Errors with Optimum Focusing
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% Maximum gain is then achieved by illuminating only an inner por-
E tion of the physical aperture, D. Figure 5-30 shows the cal-
B culated gain of the baseline offset MHTA geometry at 30 GHz as a
function of the -10-dB feed heamwidth. Maximum gain occurs when
the -10-dB feed illumination angle is 2 = 13° = 26°, 1If the full
,{ physical aperture is illuminated with a feed illumination angle
i
g of 2 ~ 21° = 42°, the peak gain is reduced by 0.9 dB.
. | R BRI e
: NS DRI B R e Lol i s ST Ry ; |
: 3 b »;---W:PQ)? ‘(g:u:;:xrzl
R T T i SN
yg : NG {t':/,:¥”t741 L S ! 3
| A e B e S B Sarers w1 )
! ~~ ‘ Y 4 : ! 1 |
' ol t : iy
4 :3' EE
. .o}
] @ k"’l ﬂ ;4
¥ % -v
R ~ 3 -
] } -
6o _
2 3 4 g &
X
i Figure 5-30. Gain vs Feed Illumination Angle
b at 30 GHz {(baseline MBTA)
The full aperture plane phase errox distribution for a B
. . . . . : LA
D/R = 0.5 offset geometry is shown in Figure 5=-31l. Peak gain _
occurs when the ~10-dB feed illumination angle projects to the 3
' .
y
' 5=50
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dashed circular apcrtuxe shown in the figure.
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The averago

cdge

of aperture phase error on the dashed olemum aperture is = 120°,
The peak gain versus the -10~dB beamwzdth ig plotted in Fig~

are 5-32.
reduced by l.u uB. '
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Gain vs Feed Illumination Angle at 30 GHz

The aperture plane phase error expression for an MBTA
with a general ¢g angle is derived by using the geometry shown in
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Figure 5-33. The description ol the central path length ray &g
is identical to the previous results derived for the special case
of ¢g = 90° [equation (5~66)), Tie eguation of thia rotated para-
bolic section is o

vi o+ w? - ®IW) = S {(5-§1)

or

y¢ + |- cos &gx + sin ¢ufz - — . : = Ri{u} (5-82%)
0 @ sin ¢¢ - ¥}

and Ve Lo o
R{W = w 2 {5-83)

{when v = y = 0) is obtained from the equation for the parabolic

section:
x? - 4F(z + F) = © (55&4)
or
(sin Q@gu - cos ng)z - 4F({cos %gu + sin ¢gw + F) = 0 (5-85)

as the general equation of the MATA rotated surface,

9=33
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Figure 5~-33. Geometry for General ¢y Reflector Surface T
' 3
\ ' The general aperture plane phase error expression for ;
o acbitrary ¢p and feed position (Xp,yp.2p) relative to the para- ,
bolic focus referenced to the phase at (xc,0,0) in the aperture “d
is -
I.’
f x = #xp\? Y - yp\< 2 - 2zr)? iz’ i;
¥ -3 @ -+ b e ———— — i
Y{x,y,0) 360& ){V\ ) ( = ) + = Y15 X
‘( - x,,)z . {%e,/D) 2 F R zFT E
¢F/Rx /D RD D SN
PR (xe/m)? 7 | o
- {_. R e A .} (5~86) .
kK D 4F/R % R/D ] oy
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where 2z 18 found from the reflector surface equation f£(x,y,z)
- (. l

5.9 PARABOLIC PLANE SCANNED BEAM FEED POSITIONS
AND SCAN GAIN LOSS

The aperture plane phase error expreéssions derived in
tho previous subsection can be utilized to determine to a first
order the feed pasitiéns {xg,,0,24,) required to scan the para-
bolic glane pattern. The swm of the phase errors at the top and
bottom of the aperture plane in the y » 0 (parabolic) plane is
equated to zerox

Err{xXz ,2zg) = ¥{x « & + 0,0,0) + y{x = 4,0,0) =0 (5-87)

=4 foed pumd  peE  guw

A family of (xgg,%gn) feed positions which satisfy this equation

ig obtained. Each set is associated with an abSolute phase error

difference acrods the aperture plane that corresponds te the

i _ scanned beam location. If the aperture phase errcrs at the top

o - and bottom of the aperture are &4y and -&y, respectively, the
scanned beam position is

T e B T RyTecuIy

Vet

1

t-_'.r'.-}.'-

O g

8, = tan=! (33379” (5-88}

x O/X\/
Since tha expresgsion for Ay ig directly proportional te D/, the

scanned beam location is independent of freguency.
For small scan angles,

Ly (drg) = 645 (deg) « % {5-89)

"
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Program MBTA-9 calculates the scanned beam fead positions and
associated scan angle.

Figure 5-34 shows the locus of scanned beam feed posi-
tions calculated by using equation (5-87) and the correspondinyg
parabolic plane scan angle for the baseline MBTA geometry. The
calculated scan beam feed positions were then Qerified using
COMSAT's GAP program. The full aperture integration (GAP) in-
cludes the effects of feed amplitude weighting., The peak gain as
a function of parabolic plane keam scan Lz shown in Pigure 5-35
for the baseline MBTA. Note that the scan gain loss characteris-
tic is not symmetrical as a result of differential feed amplitude
weighting effects.

The space taper amplitude varies differentially with

~Scan. The maximum loss at +2,5° is 2 4B at D/A = 223,

5.10 SPHERICAYL, GENERATING CURVE MBTA

For espplications which require a considerable amount of
scan (or beaividths of scan) in a plane perpendicular to tre geo-
synchronous arc, the use of a spherical generating curve for the
MBTA may prove useful. The reflectcr system can then be designed
to have a constant gain for a specified out-of-plane scan re-
guirement. This constant gain will be lower than the gain
achieved with the parabolic grnerating curve whei. there is no
scan, In addition, it requires the reflector diameter to be in-

creased to provide a full aperture illumination with the maximum
' scan angles. The geometry of an offset MBTA using a spherical

generating section with a generating axis angle, ¢g = 90° is

shown in Figure 5-36.
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The equation of the spherical cross section in the
y = 0 plane is

32 + {zl; (Ri— F)12 = r? .- {5-90)
or
=(R ... F) - R - x" (5-91)
The radius of curvature about the rotation axis, 4, is
R(x) = VR = %2 . (5-92)

The general rotated plane curve is described by

z=(R~F) - /RZ = %2 - y2 (5-93)

The path length for a ray from a general feed position (xp,yy,zg)
relative to F into the aperture plane (x,y,0) is

2(x,5,0) =Y (x = xg)2 + (y = yp)2 + [(R -F) - /R2 - %% - y? - zP]Z

+ VRZ - x2 - y5 - (R - F) {5-94Y

and the aperture plane phase erruvr espression is

2 ,0) - 2(xq,0,0)
Vix,y,0) = 3soo(x)[ Xy X0 ] (5-95)

D

The aperture plane phase errors in the y = 0 plane, are plotted in

Figures 5-37 and 5-38 for two geometries that are similar to
those considered for the MBTA baseline configuration.
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5.11 ILLUMINATION GAINl OF FRONT-FED MBTA

The illumination gain of the front-fed offset xgflector
MBTA, excluding feed system or reflector ims surface tolerance
losses, is sﬁmmarized in Figure 5-39, The gain for‘a'}o-percent
offset (d/D = 0.1) and a 93.5° generating axis angle is shown as
a function of D/) for fixed D/R values. Gain increases as th&f
radius of curvature increases. Because of edge-of-aperture phase
errors, the tradeoff between peak gain and feed illumination
taper is slower for the MBTA than for a conventional pa*abola._
The aperture 1llumination gain versus feed edge taper is shown in
Figure 5-40 for the baseline MBTA gecmetry. A feed edge taper of
-15 dB virtually eliminates feed spillover past the rerleutor '
with little impact on peak gain. '

The aperture illumination gain versus errors in'thé
feed offset angle, By5¢, is shown in Figure S5~ 41 for the baseline
antenna. Variation of 6,45f produced no changes in tha beam point-
ing direction. A *2° variation about the ca¢culaceu Sost" dﬂg;&
is required before a decrease in gain is noted

The illumination gain of the baseline 27-ft-diameter
MRTA as a function of frequency from 3.7 to 31 GHz is shown in
Figure 5~42. An ll-percent offset is utilized to ensure that the
aperture plane is unblocked by the feed (or feed house) at the
extreme parabolic plane scan position. The horn diameter must be
used in conjunction with Figure 5-34 to determine the minimum
offset distance. In addition, an allowance for the rocf of the

5=-63
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room housing the feed/rail structure must be included. The D/R
= 0.4 geametry provzdes an optimum 54~dB X~band gain solution for
a 20°=40° field of view. [The sclution is optimum in the sense
of minimizing the overall reflector area and ratio of reflector
aperture dinensions (W/D) and ultimately cost.]

The relative projected aperture area of the MBTA is

area = WD (5=96)

if the corner panels are not rounded. Since

rov “‘(1;oo)(n\(% - ) . (5-97)

then

~ AR/ R}

A

The projected aperture area'’ of the MBTA as a function of D/R

for fixed field of view requirements is shown in Figure 5-43.

Contours of equal projected aperture areas can be placed on the
illunination gain cuzves for a fixed field of view reguirement,
as shown in‘Figure 5-44. The relationship between D/} and D/R,
given a fixed area and field of view, is

2=‘/
A {{(n/180°)/(D/R)] FOVg + 1|
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These curves are quite helpful in arriving at a first-order opti-
mam MITA #olution. Given 4 specified gain and field of view at a
desiyh fraguency, the contours of equal projected aperture ared
identilly the optinmum D/R gaoretry.
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Figure 5-43., Projected Aperture Rrea of MBTA

QFFSET MABTA FIELD OF VILW ARND SCANNED
FLED PARAMETERS

The relationsghip between the MBTA {ield of wview and tue

ratio of aperture plane dimeasions for the offset geometry is
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g where the ratio of the :adius_a; the center of the aperture
to the radius, R, shown in Figure 5-45 is

¢ Fov = 2{sin‘l (E— % 5—) - gin-! (9— 5—)] (5-100)

-~

e it e el L o, A b LB

[

plane, R

c ' T
* | " D/R) iR
wqgﬁ;F L+ cos. “0<D)<§5) - sin 0g %TQ;ET< ) (5-102) f: gg
” 3 e ,"‘  | . 2 i
Lo ‘The field of wiéw versus W/D for the l0-percent offset i
) % geometry is shown inufiéure 5-46, Comparison of the field of view .j
' f in this figure with that for a syrmetrical MBTA (Figure 5-~5) in- -
; 5 dicates that the shorter radius of curvature at the center of the :i
. } aperture for an offset geometry increases the field of view for a =
é% fixed W/D r2+tio. Trogram MBTA-2 calgulates the field of view f%,:
O versus reflector parameters. ' - ' -~
fii; The locus of feed phase center positions as a function iﬂﬂ
f%éf of spherical scan is derived from the geometry in Figure 5-47. ..
| The feed arc is defined in the v-w plane as the feed revolves .
around the rotation axis, U. The scanned beam locus does not lie ;
in the v-w plane, but the maximum angular deviation out of this i}
plane is 2(¢g - 90°) for a full $180° field of view. The beam fE
scan angle, 65, is assumed tc be the beam angle projected into "
the w-V'planef The coordinates of the feed phase center as a :5 a
function of the beam scan angle are then -4
|
13
[
71
o

5=-70
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wg = -(R = F sin ¢3) cos 8y ~ (5-103)
! o)
ik
' ve = (R = F sin ¢,) sin o, (5-104)

Using the coordinate transformation in equation (5-45) and trans-
lating to an (x,y,z) system with origin at the focus yields

Xp = (R - F sin @) cos ¢glcos 85 - 1) (5-105)

B
JIE T

&“ e vy = £(R = F sin &g) sin 64 (5-106)

X . ¥

¥ - ) i
‘ (R = F sin 6,) , - ' §
gj' 2 = —sin 7g {; - cos¢ @5 = sin< %4 cos es] (5-107) 5

“When -normalized to the diameter, D, the feed phase center loca-
tions a&s a function of the spherical scan, 64, are

e e B PR e 2 7
; T RE i et G i e g g et ol A

E
A
-
i
1
i

R s

3 Iy
. Xp = d(%)(l - % sin ¢o) cos ¢glcos 65 = 1) (5-108) i
[ .
R Fo. 3 .
. Yp = iD(*)(l -~ = sin @é) sin 64 (5-109)
i | KA
!: - o N R) 1 - Fodin e 1 = cos? 94 - sin? ¢4 cos 8 (S-110)
Zp = D= - — sin -
. ZE e D) R ° . sin ¢o '
relative to an origin at the'parabolic focus {(0,0,0). | o
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/. — SPHERICAL FEED ARC

L ——

-

Figure 5-47. Scanned Beam Feed Position Geometry

The length of the projected feed arc for the offset

MBTA is
g = 24vg = 2(R = F sin ¢p) sin 8 - (5-111)
L =2 —Em\ 1 - £ sin ¢g) sin 8 (5-112)
D/R R 8
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The direction cotigines defining the feed pointing axis

- and orientation as functions of scan are also reguired. The feed.
Vpointing axrisg, Zps is shown in Figure 5-45. The projection of

the 2zp axis cnto the v-w plane vields

U= sin [Bggs + (0p = 90°)] (5-113)
v =t sin 85 cos [8gz: + ($g - 90°)] (5-=114)
w= -

cOoSs 83 CQS.[easf + (¢o - 90°)] (5—115)

‘The direction cosines for the feed pointing in the (x,y,z) co-

ordinates with the origin at the parabolic focus are

ay = Sin Bogg(sin? ¢ + cos? ¢g cos Bg)

+ cos Bggf Sin ¢ cos fglcos 6g ~ 1) (5-116)

ay = ~ sin Bg(cos Bosf sin ¢o + sSin Gosf cos ¢p) (5-117)

6y = Sin B5g¢ Sin ¢5 cos ¢5(l ~ cos By)

~ cos Bosf (cos?2 ¢p + sin® ¢g cos Bg) {(5-118)

and

Yo+ of +ag =1 (5-119)

Program MHTA-10 calculates the feed phase center position rela-
tive to the initial focus given the desired scan angle, It also
farnishes the direction cosines for the feed pointing. '

5=75
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$.13 PATYTERNS AND POLARIZATION

The principal plane linearly polarized patterns for the
baseline 27-ft-diameter MBTA are shown in Figures 5-48 and 5-49.

In the geosynchronous plane (¢ = 90°), the'pattern is symmétrical.

in 9, first sidelobe levels are below 30 dB, and the maximum
cross—-polarization lobe for a corrugated feed horn is 33 dB. The
half-power beamwidth is 0.36%. 1In the plane of the offset para-
bolic section (¢ = 0°)}, the pattern is slightly asymmetrical due
to asymmetrical'amplitude'and phase aperture distributions. A
small amount of beam scan is noted when the feed is at the para-
bolic focus, and the half-power beamwidth is 0.34°, These pat-
terns were calculated using a -10.6-dB feed taper over the feed
illuminaticn angle of 42.4°. 1Increasing the feed edge taper to
-15 @B virtually eliminates feed spillover energy past the re-

~ flector with only a 0.2~dB gain loss. A 3X circular aperture
- conical horn provides an identical pattern in the ¢ = 90° plane

A e ~ - A% - 3
and a slightly narrower pattern in the ¢ = 0° plane. However, the

'maximum'cross-polarization levels increase to 25 dB as a result

of unequal E- and F-plane pattern amplitude functions from the
conical hérn aperture.
The large effective P/D = 1.25 of the baseline MBTA

- configuration means that circulérly polarized beam squint effects

are negligible. The circular cross-pnlarization response is
essentially determined by the polarization characteristics of the

feed system,'®/37

The wide-angle sidelobe characteristics of the baseline
MBTA at X-band to :5° are shown in Figures 5-50 and 5-51. The
sidelobe envelopes are well below the 32 - 25 log;, 6 crite-
ria.!'®%7!'% The lack of a Cassegrain subreflector with its feed
spillover contributions te the sidelobe envelope and feed or
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subreflector/spar blockage provide the offset MBTA with excep-
~ tional wide-angle sidelobe euvelopes. The principal plane pat-
" terns of the 27-ft-diameter MBTA (D/R = 0.4) geometry in the 4-,
. 12—, and 30-~GHz receive bands are shown in ?igures 5-52 through

. 5=57. The higher frequency'band patterns\igdicate the effects oi

spherical aberration in the offset yaflector. The ¢ = 90° pat~
tern broadens symmetrically, while the § = 0° pattern becomes

‘more asymmetrical and the ~6 scanning effect is moyxe visible, A

corrugated feed horn pattern was used to caloulate these resulss,

. .. The X-band patterns for a 48-ft-diameter MBTA with D/R
= 0.3 aré ghown ia Figures L-58 and 5~59. A corrugated feed horn
pactern was utilized for the pattern calculations. The maximun
cross-polarization lobe is lower for the D/R = 0.3 geometxy,
since the reflector surface is flatter. Figure 5-60 shows the
D/R = 0,3 offset geometry approximately to scale.

5.14 NOISE TEMPERATURE AND FEED SPILLOVER

Thz calculated aind measured antenna nhoise temperatures
for the offset front-fed MBTA are remarkably good. The antenna
temperature measured on COMSAT Laboratories' 22~ x S5-ft MBTA
{elevation angle = 21.6%} was 23 X at 3.95 GHz,

Exceptional noise temperature characteristigs ave a re-
sult of the following:

a. a corrugated feed horn with a rotativnally symmetric
(Gaussian) amplitude pattern which has virtually ne sidelobes,

b. the lack of aperture blockage (feed, subreflector, oy
spars) and forward feed spillover past a subreflector (Cassegrain
geometries), and

C. an soversize reflecting aperture relative to the re-

guired aperture area, which also reduces reflector spillover.
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R,

The corrugated feed horn patterns minimize feed spill-
over energy past the reflector. 1In addition, the corrugated horn
has exceptxanally ;ow backscatter patterns as a result of the
highly tapered feed horn amplitude distribution., Electromagnetic
fields are zero at the edges of the aperture, Hence, exterior
currents, which would CGntr§bute to a backscatter pattern, are
not induced dn*the'ggtside\bf the horn.

h The pgrcent&gé“of cofrugated feed horn energy beyond a
specified amplitude level i§

-7 ,1B0° 360°
' f f 14((\) sin 6 d8 d¢
spillover = 2 (5-120)

lao° T€0e
J[ Jf P(6) sin 6 d6 d¢

where 86 is one-half the feed illumination angle.

Co2

5~90
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With a rotationally symmetric feed amplitude pattern,

" the feed spillover beyond a specified illumination half-angle is

lBQe
f P(8) sin 06 46
90 ’ :

180°
P(8) sin § d¢

spillover = (5-121)
Q

figure 5-61 shows the spillover characteristics of corrugated

_feed horns with beamwidths applicable to the offset MBTA geom-

etries. A -10-dB edge taper over the 28z = 24.4° feed illumina- -
tion angle of the baseline D = 27 £t, P/R = 0.4 geometry gives
less than 0.57 dB of spillover. 1Increasing the edge taper to

~-15 dB reduces the spillover to 0.18 dB.

The lack of aperture blockage and forward feed spillover
past a subreflector résults in excellent wide-angle sidelohes for
the MBTA. Aperture blockage raises the average sidelobe level
and is a major'éource of wide~angle scatter in large=-aperture an-
tenna systems., Forward feed spillover in Cassegrain gecmetries
partially couples to a warm earth and generally gives rise to a
significant sidelobe contribution along the geostationary arc at
an angle off the beam axis that corresponds to the feed spillover
angle past the suhreflector. The gain (in dBi) of this sidelobe
contribution is the feed system gain at the specified angle if
the feed spillover contribution is significantly larger than the
sidelobe contribution of the reflector aperture illumination.

Figure 5-62 shows the aperture illuminated areas on the
MBTA for beams at the center and edge of the field of view. For
the majority of beam positions, most of the feed "spillover® past
the circular illumination area is collimated by the reflector and
appears in the main beam,
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E

The caleculated antenna temperatuye chacacteristics of
the offset MBTA at ¥-band are shown in Pigure %-63 as a function
of the local elevation angle. This curve, which is applicable to
& _ both the D = 27 ft and D = 48 ft MBTA geometries, includes 0.1-dB
- feed systen lesses, Additional losses would add

Y N TR PR R e

A

By, o resNEaN

TreEp noss (KY = loss (dB) (Ethﬁﬁ) (5~122)
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' 5,15 ABERRATION-CORRECTING SUBREFLECTORS

-

BN =
| il

Aberration-correcting subreflectors?® have been inves-
tigated at COMSAT Laboratories as a means of obtaining better
aperture illumination efficiencies in large-aperture (D/) > 300)
offset MBTA antennas. The cocrrecting subreflector concept, shown
in Flguare 594, involves the design of a second reflecting sur-
face heltween th: aperture plane of the MBTA and a designated feed
posgition so that the path length from any point in the aperture
to the feed position is identical. To realize a reasonably shaped
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. ”subraflqntc: dasign, it was Eounn necessary te 41Jplace the para-
,,bol;c and aphe:;cal foed of the META ﬁence, pecause the core
' rected MBTA reflector has very poor efficiency when utilized with
a focal point fesd, all frequenty bands (ranges of D/} that uti-
lize the corrected MGTA configuration must opcrata in can;unutioa
w:th a correcting ﬂubreflector.
- _.In principle. a correcting &abreflectnr dould improve
the aparture iillumination effidinficy associated with the smaller
radius of curvature MB8TA design /R = 0.5! and permit the use of
- =maller wperture dimension ratios (W/D) for & specified field of
view. Theﬂgor:ecting subreflector surface is lossless and a sif-

ple feed horn is used.

, There are several disﬁdvantages associated with the use
of an aberration-correcting subreflector. The first is the
mechanical complexity associated with the feed/subreflector sys-
tem. The feed and subreflector must be carefully aligned and
must maintain their alignment while both travel on different
radii of'curvature to scan the beam. For largerlaperture X~band
antennas, the subreflector diameter would typically be'5*10 it
and the precision subreflector sﬂriace required would have to be

protected.

Use of the aberration-correcting subrerflector results

-in a considerable increase in the minimum beam spacing along the
: gaasyﬁénxonous arc, Figure 5-65 shows that the diamgter of the
subreéflector limits the minimum beam spacing rather than the
diameter of the feed horn aperture. Figure 5-66 is a photograph
of the correcting subreflector that was designed and tested on a
10-ft scale model torus at COMSAT Laboratories. The aberration-
correcting torus demcnstrated aperture illurination efficiencies
af n = 72 percent for D/ < 430, The ~l0-in. correcting subre-
flector diameter for the l0-ft scale mode) would correspond to

4§ feet for a d8~ft~diameter MBTA,
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5,16 ABERRATION-CORRECTING FEEDS

As a second method of offsetting the spherical aberra-
tion associated with large-aperture MBTAs, COMSAT Laboratories
has developed a unique aberration-correcting feed system con-

2! frhe primary feed illumination phase pattern is designed

cept.
to compensate for the spherical aberration phase errors??,2??® of
the reflector system. The feed system reguired to correct for
spherical aberration effects has the characteristics shown in
Figure 5-67. The amplitude pattern is rotationally symmetric.
The phase patterns, which are uniform in the plane of the para-
bolic section, have a phase characteristic in orthogonal direc-
tions which is the inverse cf the phase error introduced by the
spherical aberration of the reflector.

A simple 3-element array implementation of an
aberration-~correcting feed system is shown in Figure 5-68. 1If
the element pattern factors associated with the ceniral and outer
clements are respectively cos®™! (x;6) and cos™? (x36), the feed
array voltage becomes

E(8,¢) = cosPd (x10)
+ 23 cos®? (x38) el? cos (zn % sin @ sin ¢) (5-123)

The greétest amount of phase variation in the ¢ = 90° plane is
obtaineﬁ for a given outer element amplitude weight, a, by

setting

3 = 290° (5-124)

The phase pattern in the non-arrayed plane is then

2a cosh?2 8
w(8,0°) = tan-i [ a wost” (X2 )] (5=125)

cosnl (x;0)
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Figure 5-68. 3~Element Abesration-Correcting
Feed Array

A uniform phase (independent of 8) reguires identical

elenent patterns

cos™l (x;8) = cos®? (x;8) (5~126)

The phase pattern in the arrayed plane then becomes

Y(9,30°) = tan~* £2a cos (Zﬁ % sin 6)] (S-127)
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The an .Y'+vude of thig phase distribution is determined primarily

by a, o velative voltage weight of the two outer array elaenments;

the spatial distribution is determined primarily by d/x, the feed
element diametexs. Figure 5-69 shows the amplitude and phase
patterns of a 3-element array. There is generally a tradsoff
between the desirzd amplitude and phase patterns. In terms of
transmission, the outer feed elements can be assumed to create
*mini-beans® in the gessynchronous arc plane which are phased to
narrow the beam provided by the central feed element,

' Figure 5-70 shows 5- and 7-element array feeds that
provide additional degrees of freedom in realizing aberration-
correcting feed arrays. The corrected and uncorrected principal
plane patterns of a symwetrical MBTA qecmetry (B/X = 1300, D/R
= 0.5) are shown in Figure 5~71. A 5-element array feed improves
the directivity by 0.8 4B, and the ovarall aperture illumination
efficieray, n; increases from 60 to 72 percent. The corrected
and uncorrected patterns in the geoasynchronous plane for an off-
set MBTA (D/)\ = 820, D/k = 0.4, and l0-percent offset) are com-
pared in Figure 5-72, The directivity improves by 1.3 dB with a
4-eloment aberration-correcting feed.

Further work is uscessary to fully evaluate the capa-
bilities of aberration~correcting feed systems in the MBTA. The
improvement in beam directivity must be weighed againct increased
feed system complexity and losscs. One major advantage oi the
corraecting fead system is that it iz used with MBTA geometries
designed for foz=al point feeds, Hence, lower frequency bands can
utilize @ single focal point feed, while higher fregquency bands
assoclated with increased spherical aberration can utilize an
aberration-correcting feed artay. Of course, the minimum beam
spacing increases with the srfective diameter of ‘he aberraticn-
correcting feed svstem,
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) S e m:m:xcaa BND STRUCTUHAL CHARACTERISTICS

6.1 womnwmh DEPLDYMENT «*owmm;a‘rxons

|
The deriszcn to vesirict detailed mechanxcal and struc-
l tuzal analysis to the case of 54~dB gain at 7.25 GHz resulted in
the selection of the 27-ft aperﬁure_as the basic MBTA to be con-
l sidered. Fixing electrical performance parameters such as ¢q,
_ POV, D/R, F/R, and D/X yields an overall asechanical descxiption
: i:  of thc reflector as summarized in the gpecifications table. ‘The
{
i
[

. :l‘m\-‘, selpg il | 3)

- projected aperture dimensions, W x D, are 60 x 27 ft (18 x 8 m),
with the generating parabola vertex cffset from the bottom edge
of the reflector by 3 £t (0.9 m). The aperture width/diameter
(W/D) parameter is related to the electrical parameters FOV and

" D/R as follows:

i * i Y o] o o P EY o .
A N TP T SR A P S U I TP ok W3 TR Lot iEmnedsir aalier RS | LA S
s S ol BRI il . 56 £ 3 ) a1 <’ ik

TR

MG ARG Tk ST
EEppr g o

et SRt PRS-

g f,[61nD;;?V) 4 i] - {nggan - l] (6=1} % %

? The amount of offset, 4, of the bottom edge of the parabola from '&lﬁ
. N: ‘ the feed center is based on mechanical criteria of feed rail sup- % ﬂﬁ
; port and expected building roof dimensions as well as the amount § ;?
f ¥ of parabolic plare bheam scan reguired, This distance enables the & é
% 1 construction or an enclosed feed struciuie Without aporture area § ﬁ
» ,, blockaso, L\\V
4

e RS,

I ] The use of cne reflector geometry for worldwide deploy-
mant by DSOS was possible once a single angle of generation,

= o
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iﬁ was found tp satisfy zlectrical performance criteria at ali loca- L}ff
E«i tions. The range of latitudes and differential loagitudes to 8
; k which the torus geometry is applicable varies from 0° to 75°, {}3}
ﬁ{l corresponding to locations with elevation angles greater than 5°. .
ZQ;’ Mechanical descrivtion of the single reflector/backup fi.
Qj?“ structure begins with the generating parahbola definition, 3
7oy o
Yoy il
it x* = 222 (6-2) 4
‘i aF
o it
v L
3 7? where the focal length, F, is defined on the basis of parameters ;65§
Ll D, D/R, and F/R, Figure 6-1 shows the rotation of the generating iidﬁ
;- parapola into the ,local coordinates system x,y,z according to the ES! g
- transformation . o 3
E . 3
L Q] cOSs a ¢ sin af}jx* _ e
/o | y| = 0 1 o J{y" | (6~3) ;¢-§
K b‘ z ~sina 0 ocos affz"* ' -
ey * ;””ﬁ
Z/ ] where a = &g - 50°. ‘EE
O -
3

o

Figure 6-2 shows the derivation of the angle of circu-

lar rotation:

= o ain- D it
8 = FOV® + 2 gin-l [ERnID) (6 if
where Ryyp is the radius of curvature at reflector aperture
height d " D/2. Thesa two rotations define the'parabolicatorus
surface in the local coordinate system. If a comwon backup stxuce
ture is defined in the x,y,z system, as shown in Figure 6«3, it
can be'rotated with the reflector surface about aﬁgle B to form a
universal structure witih the same electrical performance regard-
less of location. The support structure becoues the means of
translating the torus into its global coordinates, '
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Figure 6-1., Offset Feed Configuration
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~and, the wma;txoh-dcpendent glabal coordinates is defined via

‘three angles: the gui fade ganeration angle, «, the elevatlan

angle in’thé~Apurture plang, g, and the torus azimuth angle in

the aperture plane, . Ahgias-C”and d, which are functions of .
latitude, differential longitudé frem the earth station to the
,subsatallxte poaition, and thé ratlos GE eauth raﬁxub o saLul-

Ig' I~.5f ,=f ThL ﬁlataonshxp betuncn thé amtenna loral coord;uates
\ ! - 'l;\,te urb:... dmtanm., are defined as?

L {6=5)

' 5 o ' ' o o G com ‘
3 L . o , £ = tmz‘l {LOS W L'VO.. l A - m 1
- : : ; 5 Sin o

t radius/satellite + earth radius

it
¥
]
L3}
"t

¢ = ¢round station latitude

& = longitudinal separation of ground station
from the subsatelliite position

N '-= cos=1 {cas § cos A} -

'ThL mcunt;ng copordinaces are- found by translating the
“local sourdxnatcs through the three anglea, as shown in Fige-

gre o-%, The trandluviiation reLt;a

glebal X,Y,% systems is

r ;| .
{'.1 {_‘wb Pt 1Y - KA R PETL ] = WBA LAY A [RXS S RS 4L Ve \[\“
1 : !‘
a A [P 11 St R ;J (b 7)
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X,%,2 define the glotal system

x',x" %x,Y,Z2 define the local coordinate

Figure 6-4. Coordinate System Rotation Angles

For the analysis five sites, listed in %able é~1, have
been chosen to represent the'diversity resulting from worldwide
deployment of the META. These sites, which represent the poten-
tial spread of the differential longitude and latitucde of exist-
ing DCA antennas, are chosen relative to a central satellite
logation at 333°00'00"ZE longitude. The liocativns of COMSAT Laks
(Fort Dietrick) and Sweden represent the majcrity of stations
i ing between 20° and 60" latitude and 20° to 4§0° differential

naitude. Iceland represents the case of exireme latitude, but
* antenna mounting does not change radically from the previous

case.
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Téble G~l., Representative Sitea for Worldwide
MBTA Deplovment

:Egll

>€§ll

5@1 Site Longitude Latitude Dlggsgiiggzl

x Mt. Margret 37°E 208 64° g

%‘3 Sweden 13°E 60°N 40° '§.

3 !_ Iceland 340°E 66°N 70 P

i1 ‘Ascension Island 346°E 7°S 130 P

B COMSAT Laboratories 282.7°E 39,2°N ~50, 3° .
| - . : :

Mt., Margret and Ascension Island represent the two ex-

Ll
T

PR ey

treme siting locations. Cily iwo DCA antenna sites appesar to a1l

in the Ascension Island category of nearly horizontal aperture
plane with the station at the subsatellite point. This case
should not present auy special mechanical problems, since its
horizontal attitude precludes severe wind loading effects. The
Mt. Margret locaticn represents those eazth stations at extreme
differential longitude (>60°) and low latitude ({<20°). Several
DCA earth stations appear to fall in this category. This type of
antenna attitude experiences the most severe environmental ef-
fects., If the same type of support structure is used for all an-
tennas, it will provide the least stiffness for these leccations
due to the reflector's extreme height.
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6.2 MECHANICAL CONSIDERATIONS

e

-

by a 27-ft reflector with D/R = 0.4. However, the nmnechanical
problem is to maintain the stringent RF gain requirements, espe-

Thz olectriaal narformance reguirements are satisfied

cially at higher frequencies. The relationship
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G = 10 loy;q _t_exp[- i}i cos (eﬁhf)] © (6~8)

defines the correspondence between gain degradation of the an-

ﬁenna (G;,) and the ncrmal surface root-mean squére (xms) devia-
tion (e), where A is the beam wavelength, and €y4¢ is the feed
pointing angle. ' '

The basic specifications reiuire‘the design of one

structure whose surface deformetion is small enhougk uhder normal

conditions to realize 54~-dB gain at 7.25 GHz. A second iteration

- of the same structure was performed to further reduce surface
errors to meet the mcre stringent requirements at 20 and 30 GHz.

Figure'sfs-plots the curves of gain loss vs surface deviation in

. incher for the RF bands under consideration. The steep slope of

the curves at higher freqguencies emphasizes the performance limi-
tations associated with surface tolerances above the 11/14-GHz
bands, More gain loss mugt be allowed at these freguencies under
the same environmental conditions. If the gain loss must be held
to 0.5 dB under operational conditions at 20/30 GHz, a radome '
protective structure such as that shown in Figure 6-6 may be
necessary.

For the baseline antenna, the maximum rms error congide-
ered was 0.040 in. (1 mm), allowing a maximum gain degradation of
0.% dB at 8.4 GHz. The degraded performance specification was set
at 0.060-in, (1,5-mm) deformation for 1-dB allcwable gain loss in
the 7/8~GHz band. The effect of restricting surface deformation
to 0.020 in. (0.5 nm) was investigated for higher frequency an-
tenna performance. In this case, the gain loss is rastrictzd to
0.75 4B at U Gaz ana 1.5 dB at 40 Gre. Sesign iVEIe bivine wowy
pzrformed to identify the reguired structural characteristics for
achieving 0.040- ané 0.020-in. surface tolerances.
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Figure 6~¢. MOTA with Radome Environmental
Protection

The feed transport mechanism considered for the study
15 based on a design that has been built and tested at COMSAT
Labs.?’ Although the transport shown in Figures 6-7 and 6-2 uti-
lizes a f£ront vail support upon the wall of the building, a bot-
tom rail suéport may he used so that the transport wiil have an
independent support and foundation.

The narrow width of the transport allows two adjacernt
feeds to be separated by approximately 2°, Additionally, the
universality of the transport design permits it to operate at any
azimuth angle in the aperture plane. The self~contained drive
and support features of this transport allow any feed to be '
mounted with a wide variation in allowable center of graviny dud
feed weight. '

The two orthogonal drives 4re capable of tyracking both
spacecraft divrnal motions and spacecraft staticn variations
using an opea~-loop control system driven by a minicomputer.
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FEED TRANSPORT
STRUCTURE

UPPER RAlL -~

LOWER RAGL —

Figuxe 6-7, Existing ¥eed Transport Mechanism Support
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RACK & PINION
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(AZIMUTH) \

.

N UPPER
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\

“~— WINDOW

FEED MTG PLATE
(ELEVATION)

1

)

LOWER RAIL

o . SecTion A=A
| ROTATED 39° cCw

Figure 6-8, Orthogonal View of Feed Transport
Mechanism Support
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- 6.3 ~STRU,CTGHAL DESIGN CDﬂSIDERATIQN&- i
x ' The mst d.xftmult: structuml des:x.qn ;Jrablem is. to
o obtain a single antenna atructure pdckagu that is suitable fur\ _ il
g all potential sites and envirgnmental criteria. Only minor modi- i
‘ fications 'in the. antenria support ‘and feed taweL ‘gtructures can bu ';“' E
l made to su.z.t the mdivx.dual statian mquiremwnt. : ' '
3 i e L z
R . ...w—--n—-aq-u—-._--—»——-"‘“'-’_—- ’ .:{?:
' T / o : : - Axig of
“_, w ] . . Brbkation
f 1 T Generarhng Parabola
':._. 3 u 2 & 54
| *FeE
g_ | Ruid
o i }s] N
% ) f o
. i 2
v !. R Rg Lot
o = id
o i —_— NETEEET = revd ?.“—"’
St .‘ . - x! 1]
" L,jz‘. . Pigure €-3. Reflector Geonmetry
" .,.r:!.‘_, L (1 Lo .

M &Mm@u by the RF transmission data {Figure 6-9),
the rgtl&dtmi gaametry ig symmetric ahout the axisg of revolution,
Across thz. pgfm abml,xc arc the curvature of each section is unique.
Thus, the uwt ot fabrmating the individual molds or mandrels

6-~13
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".can be :eduued by minimizing the numper of parabol;» panela..uow—

f;aver, athe* congliderations anludlng handlxng, stoxage, and Bhip~

. plug becdme. impartant, egpecially as the alpartun. diameter size
___,,.'-.mcredses.: Figure 6-10 shows the coaf:.guraxt.\.on that is censidered

. -opt.imus. based on a tradeoff study.“ ?or a reflactoy in the 21-£t~
,aymrtﬂx:«diameter range, a conf:gdraL;on of four parabul;c and .
 eight circular sections appears to be advantaqeous in terms of
ue:.ght and c..tmkpleh...ty. ﬁmv“ '

/

nhmus 106.208"
1'43 828"
773.1e3”
194.2167
806.964

1=

def | 31|81 {313 B30

4-2|4-2|4-2|42142 4—2V4\4.3

REFLECTOR FACE WY
Figure 6-19, 27-ft MBTA Reflector Panel Configuration

The backup structure for this panel configuration ye-
gquires a support at cach panel ccrner, asdequate stiffness, modu-
_1ar1ty, reasonable weight, simply eroctable connections, and

6-14
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un;veraal appllcab&lkty. Figure 6-3 shows the primary vertical
members. A trlanaular spine truss is rotated about the axis ct
zevolut;on,'und a vertical truss is built around the spine at

'wach circular panul aectxon. The vartxcal members are st&bzliawd

' by secondarxy hoz;zonta; trusses also fmllowing the curvature of
the axis of reveolution. Additional diagonal bracing is added
during structural analysis to obtain the reguired structural
stiffness and mechanical performance. Figure 6-11, which shows a
typical backup truss, indicates the location of diagenal mémhﬁrs
and vertical and horizontal trusses. The reflector surface weuld
be tied into the backup truss through adjustable support.mecha-_l
nisms to enabie the maintenance of pruper paiel allignmant and
contour and thermal stress relief between the aluminum panels and
stecl menbers.

A 3=-point pickup support enables periect alignment of
the eleviation and tilt angles of the reflector during erection.
However, for a structure of 60 x 27 ft or more, the stiffness of
pnly taree supports would be inadegquate to maintain performance
even aht lower freguencies. Conseguently, a minimum of four sup=-
port polats hias been adopted. The configuration shown in Fig-
wie §=12 has the reguired stiffness for the 27-ft reflecior at
mest locations wnder all specified conditions, ¥For earth stations

L iy

e e

s Bt sk

s kR

for which a niore extreme positioning cr tighter rus tolerance is

o

PR R A e Rt S e B o

reguived, a support of six or more points might be necessary
(Figure 6-13).

Yhe feed trangport building is assumed to be a pre-
enginecred environmental enclosure for a cost-efiective gtruc-

TCEIT. tu chavzs thats *ﬂ?':::r:“* J ~ffrctw An nnt resnlt in beam

RS

Est gt

A e

deformation, the feed mechanism support is assumed to be indepen-
dent of the eaclogure's foundatilon, The minira bullding size of
12 ft on a side accommodates other mechanical and elactrical
eguipment and provides work reom around the transport mechanism.

TR <,

NS g P

8~13
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fﬂnmﬁnnaﬂﬁtuay

4~Point Pickup Support Structure

€& 6"'120

Figoy

6~Point Pickup Support Structure

Figure 6-13.
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vm dusan A nnxvetaallv ﬂppllCQbLL torus antanna, the

lundxng gundxtiwpa fog. all membera and the necessary RE. perfor»
m&nu& uﬁ tﬂe iinal truuture unacr tnoﬁu ccndxtmana¢, Tn& basic
V. Eorées applmcd o the MBTA . spructurﬂl model to tpSL its pertor~
"fuanca aré wina. qrav;ty, and tcmgerature var;atxons; = Off thtse

'thie& wand lodd$ng xu by :dr the most gevere: desiya condxuzna‘

- = = R b v e

TR TR e SN

A corrective ﬁa@lect;on at L&Lh of the pamal suppoTt points during

L 6.4 WIND

“The operatioqu, umgradud oye:&t&onal, and survi Lyval
wlnd loads are defined in the spec¢f*catamus as 45, 60, and
128 mph, respectively., Wind forces sre awmliad to the strusture
by calculating the wind prassuré on the reflector panels aceord-

N U ing o thalr&latianahxp““

= GCpV? - (6

vhere
- V‘w\yind valogdty in umh
. ' gy dld.hqzwe'w@bf:;uxbua = 1.4
S Lo ) .:Ir g = dynamic alr g EHYALD u' O uﬂ

» ) ‘\1l ' '\l . . L ‘ .‘I | | .
,FﬂMItﬂwAu ﬁaam>morus - s - coMsaT Lﬂbgﬁ
"4h“¢ﬂﬂﬂ “tﬂd“ Do oy a ST

bas;u BV&LLM ﬂpuaxf;cdtxana havG buen uaEd to dnf;ne the require&“ o

P o o LT |
eldel VITV | o -
Th& £lection ot the stwuctuxﬂ unda its own weight is

:f-ca‘“uLat&d alone arnd in combination with the other forces. Sdince
f-,gxavitv is & static luad, 1ts effects can bL offget by applying a

I
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The mn. forca applu.q to each jwint of the backup :

' ,stxucture is the wz.m.. pmuuxe times e pzojectud panel surface
.ar'.a in the- d.l.ret“txnn ef the. 1{:44@. Both tront dnc.u-.b‘f"l.. wing
mrws agre. ualCUlﬂtLd to doterine the' worgt-case c'cmuit.im.i Tox
.de.ngn. The qlobal % and Y axes- are used t.o ‘dafine fmnt and side

‘wind. directions. Figure 6-’4 demonstrates the variation . in pro- .

_-_“jectéd wind su}: ace drea thh c'har'ﬂe in atatmn iocation.
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6.4.3  TEMPERATURE

Structural deflections due to & 10°F (5,5°C) differen~
tial temperature between the front surface (reflector joints) angd
the backup and support structures are calculated. This loading
condition represents the case in which solar reflection warns up
the exposed reflector surface faster than the sheltered struc-
tural members, for exanple, in the early morning.

6.5 ALLOWABLE DEFORMAIION AND TILT ERROR BUDGET

6.5.1 SURFACE rms

Manufacturing tolerances, rigging adjustments, and de-
flections due to gravity, wind, and thermal loads are sources of
surface deformation. For a first design iteration the total
allowable rms =rrox budget, e€p, is split equally anony the three
separate categories, manufacturing m), erection {(er), and en-
vironment {ee), since their effect: ire uncorrelated?’:

n
: _Z: 2,12 _ 2 2 2,42 10
Ep = [ei] = {Eh + el + ee) (6-10)
i=1

The total environmental rme error is the sum of the de-
flections of the panel surface (cp) and the backup/support struc-

tures (eg) due to wind, thermal, and gravity forces: . S

. .
- -

2
cq = le2 + e2}¥ (6-11)
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Hanufactarlng and- rlgglng TG erxors are consldered ds a total

for the whole systém.

The basic MBTA reaumred galn of 54 dB at 7. SHGHZ calls
for & minimum operational rms Surface tolcrance of 0.040 in.
(1 mm), ircluding 0.023-in. (0.58-mm) deformation due to each of
the manufacturing, erectidn, and environmental effects. If these

'effects are kept equal, the'deflection'due to wind, temperature,

and gravity is limited to 0. 016 Ln. (0 41 mm) each for the panels
and. supprrt structure. Ideally the deflection of the structure
under its own weight is correcked during erection, and the dis-
tortions due to differential temperature are relatively small,
ConSequently,‘the majbrity of the environmental errors can be

budgeted to the wind load. deformations.

POINTING ERRUR

7 The ptssible sources of peointing eryxor are wind,
gravit ;, and thermal deflections of the support structuze, aligri-
went errors during erectign of the antenna; and displacements of

‘the feed. Deflection of the feed structure itself can be elimi-

nated by separating the foundation and supports of the feed
mechanism and the feed tower. Thus, the feed travel is not sub-
jected to displacement due to wind loads on the building walls or
thearmal distortions in its contrcolled environment., Adjustments

- ~f the feesd can be used to compensate for the lateral displace-

ment. of cthe reflector structure and reduce the pointing error.
Hence, displacements due to overall MBTA pointing error are sub-
tracted from the total displecement at eavn puinl Lo ohiain the
uncorrected rms surface error.
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6.6 STRUCTURAL. MbDEL .

The RF transm;sSLDn data def;ne the generating para-
'bolxc toxoxdal surface

2% - BF2? - 168 (x? + y?) 4+ L6(FRIZ =0 (6-12)

where x,'y, and z are calculated via transformation equa~
tion {6-3). The four basic parts of the torus antenna are the

. raflecvor surface panels, the backup truss, the suppart struc-
ture, and the concrete foundatlon. Since the backup, support,

-and foundation are dependent on the panel size, and number and

~ type of corner supports, design lterations were first performsd
on a typical reflector surface panel to optimize itg parameters.

6.6.1 PANELS

Fanel optimization'involved finding a practical design

of minimum cost and weight. The factors intluencing the design
were material type, fabrication, assembly technigues, transport-

ability, and erection ease. -It was decided to limit the design
to established fabrication techniques, easily available materials, ; 2
and commen overall size and weight. The maximum.panel'dimension '
was chosen as 9 ft to accommodate shipping size limitations.
Aluminwe was used as the basic surface material due to its good
strength~to-weight ratio, availability, good RF characteristics,
relatively low cost, and the large number of fabrication houses

familiar with iiS uge in curved panels. For easc Ul QLEULIUL 4

was decided to limit backup structure connections to simple sup-

ports at each corner point,




mw ftE ‘ H Ty

'.&a foll¢ws:{

a,  few manufacturing‘maharels,

b, less joints for simpler efection procedures,
c.'igleat*r allgnment control, angd

d.  a sxmpler backup atxu?ture.

‘|

For smaller panels the'advantageé‘wefe'as follows:

e

e A
LEEs

a. 1 Lght we;ght for ease of 5hxpp1ng .and handllng,r
b. -gxadter stzf_neas tc each panel &

c. ease of manufacture, and

d. lower cost per unit area.

2t (s e A e s iR

Fit pas

g: '-'. In ad&ltlon, the LOllOWlng panel matermal confiquration traaeoffs

_ a‘-'solid aluminum plate,
'k, thin aluminum plate backed with corruyated aluminum

1 sheet,
) ‘ ¢. thin aluminum plate with aluminum stiffeners, or
'2; : o d., aluminum honeycomb with aluminum face skins.
&i - , To determine the optimum plate size and configuration,

the maximur rms deviation is defined as

s s

CCOMSEY Labs T . . aultiple Beam Torus
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?cr lurge panels,,ahe'a&v&ngagesfiﬁ»tﬁrms.of cott were .

Ep—
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elns g‘x {6=13)
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U where $gay 18 the maximur allouabléruarél'dﬁfleétién;f - rom the
 error budget, 8pay is 0.014 in. (0,089 cni) and 0. G’B in,. '
- {0,176 cm), respectively, for 20~ anﬁ 40—m11 overdll ms toler~
“ancpd in 45-mph winds, . L e e .
I ‘For simplicity, the plates are assumad to ‘be flat for
“the lnitiai sizing. This is & conservat;veuasgumption since
- curved glqus have greater riygidity than £laﬁ:p1ates. The Ga-
'"flectidn Ofgsother—supporteﬁ square plates is defined as?®

o ]
O3 .
By = X Aﬁf (6=14)

= function of edge stiffness = 0.0249

uniform wind load. = o,oso 1b/in? (0.034 N/cm?}
= gide dimension

= plate stiffness = Eh3/[12(l - v2)]

107 psi {7 % 106 N/em?), the aluminum wodulus

B v B R S T
i}

t
|

of elaskicity
v = Poissun's ratio = 0,3
h = plate equivalent thickness

_ The resultant egquivalent plate thickness required for
vari ug s surface tolerances is shown in Figure 6-15. This fig-
ure indicates that the minimum total weight is 22,5 psf (1089 N/
cm?) for a soulid aluminum 8-ft square plate configuration vs
8.9 psf (427 n/m2) for a 4-ft plate. ThHe eguivalent plate thick=~
negs for corrugated honeycomk or beam-stiffened thin plates is

h&ﬁuivzmj%ﬁii-. - (6~15)

where I is the section area moment of inertia per wnit length,

6-24
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"amples of equivalent stiffened plates are shown in Figure §-16.

¥ultiple Beam Torus COMSAT Labs

Figure 6-15 indicates the critical relationship of ' L
panel size to surface tolerance., Since the Gﬂ—mph curve dominates
in both cases, the recommended maximum panel sizes appear to be
8 and 6 ft for the 40- and 20-mil cases, raspectively. Same ei-

For a typical 8-it square plate, the section moment of inertia
required to meet the 60-r'l surface tolerance criteria at 60 mph
would be 0.42 in3/in, (2.7 comd/cm).

Regardless of configuration, the thinnest aluminum face
sheet used was 0.060 in, (0.152 cm) to protect the reflector sur- ..
face from perwanent deformation due to the impact of hailstones
or other moderate size particles.??’,?° Based on a maximum panel
dimension of 9 £t (2.7 m), several reflector configurations were
analyzed (Figure 6-17). To reduce wind deflections on the struc-

*ire, the four corner panels were shaped to eliminate unnecessary
surface area. The configuration of three parabolic panel sections
would require irregularly shaped corner panels to accomplish the
area reduction without gain loss., Simple triangular corner panels
can be used with four parabolic panel sections to minimize area
reduction.

6.6.2 BACKUP STRULTURE

Based on the results of the panel optimization, a stiff,
lightweight, universal support was needed for the reflector. To
add commonality to both the backup'structure and the reflector,
the main structnral frame is a basic vertical truss structure
tied to the panels at each corner point, 'The generating tiuss 1o
rotated about the axis of revolution of‘ﬁhe reflector. Additional:
stiffness is obtained by tying each vertical frame together via
horizontal trusses and diagonal bracing. Given the latitude and
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longitude at the desired earth station location,  the backup
structure ahd reflector panels are then rotated inko the-global

coordinate system vi4 transformation equation (6~7). Buim typital

enufigurakaions ponsidered for Ui gonerating Verxual t:uss are

Iahoun it Figure 6- 138,

ntLer panel una1y51s design iterations, it was decided

L3

ko use a § ;‘8 panael reflertor surface &3 the baseling conflgura-

tion. Theiﬁanel layout showh in Figure 6-19 was chosen for dew

" sign iterations. The nine vertical trussSes required for thisy

configuration are supported by the main Spine truss generated as
a curve about the axis of rotation of the reflector. _
All members in this analysiy are A36 structurdl steel
in commonly available sizes. Ideally the reflector surface panels
are attached to the truss at each curner by rods with adjustuent
mechanisms to make alignment cortect.ons during erection,
- A 4-point attachment to the support siructure wus used

for the initial design iterations. A detailed view of the backup

structure reduced from a NASTRAL plot for the 27-ft META iz shown

in Pigure 6-20.

6.6.3 SUPPORT POINTS

' The type of support members is deterwmined by the xe-
quired stiffness of the torus styructure in its operational posi-
tion. The structural stiffness in turn is a function of the
number and spacing of pickup and foundation points, the unbraced
length of the steel members, and thexr relative configuration.
Thug, each location requires a wiique support structure to accom-
modaté its antenna positioning.

6-29
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The Simple ’-mﬁmbcr"*teel support structure shown in
Figure 6~21 was ‘used for ~design icérdtxons of the basic MBTA an~
'thna. It uses a luwer tripod as the main atatic lcad carzrying
“memisr, The dynamic wind load 15 transmitted throuyh the V and A
franes té'qrcund The V frame can alse gerve as a pivot mechanism
“~or corxactlng thn tilt or the antenna during erection. This pur~
ticular auEpw:t bystem is not a s;lt—at anding structure; the
bdoaup BEruttyry momber assembly must be included to achieve
‘overall mtsbility.di-

' Picure €~11 shows a stable ahd less EFlsxible support
structure. This configuration might be necessary at sites where
the noat severe wind load overturning moments occur, or whcxe.
because ©f the extranw length of the V and A frame members and.
tho required anterna size or extreme site location, the §-member
ddsign is unceoungervative,

Figute 6-22 shows the stiffness requirenents of the
same refllector translated to different locations. The projected
area times maximum reflector height is normalized to its surface
area timas the aperture height to give a measure of the relative
wind loading deformation preblem. It can be seen that the dynamic
deflections at the Mt. Margret location are potentially six times
a5 ggvare as those wt the Ascension Island location.

o
-
-~

STRUCTURAL LAYOUT

The MBTA-1l program, developed at COMSAT Laps, estab-
lishes the precise geometrical coordinates of antenna panels,
backup, support structures, and feeds based on optimum RF param-
eters and site location. The main part of the program lays out
the panel ana panel support geometry, front and side wind loads,

;o

:
A
?
E
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Antenna During Construction
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and transmitted panel weight to the corner points. All calcula-
tions are performed in the local (RF parameter) coordinate system
and translated to the glohal (site-dependent) coordinate system.
Subroutines within MBTA-1l determine the local coordinatés of the

‘desired backup and support structures. These routines are kept

feparate to simplify programming changes to accommodate a new
configuration truss system, foundation layout, or pickup point
designation.
' MBTA~11l outputs the NASTRAN grid point sequencing for
the individual panel shape,; as shown in Figure 6-23, and for the
backup truss, pickup points, and foundation supports, as shown in
Figures 6-24 and 6-25, MBTA-l. also details necessary drafting
and surveying information, including the actual arc and chord
lengths of the panels as well as the relative location of the
feeds from the reflector, referenced to the generating paraboloid

vertex.??

6.8 LOAD AMALYSIS

All envirommental loads are generated in the MBTA-11l
program, Based on results from panel design iterations, a pro-
jedted panel weight per sguare inch is input, The program calcu-
lates the equivalent concentrated mass at each panel/truss
support point. Thermal loads are generated based on a 10°F
(=12°C) temperature at the panel support points and a 0°F (-18°C)
temperature at all other structural joints.

Wirnd loads are generated based oun the projected panel
area in the plane perjpendicular to the direction under considera-
tion. The wind load vector is always assumed to be parallel tc

ground for simplicity. In reality, it rarely goes above 10° to the
horizontal. Wind loads are calculated in the local coordinate

[

—————
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. system and reduced in proportion to the cosine of the elevation

;ﬂanqle'%nﬂthe aperture plane to determine the horizontal-to-beam

" (HTB) wind loads., The wind forces are also generated perpen-
dhicular to the global ~X and *Y axes to determine the overturning
and torsio§al effects of front and side wind forces,

Sud Ppod e g PDWE PO @M SR BN

Figure 6-25., NASTRAN Foundation Crid Point Layout

The envirommental loading cases are enumerated in
Table ¢~2. In addition to gravity and thermal conditions, ef-
fects of wind forces of 45, 60, and 125 mph, corresponding to
operational, degraded operational, and survival conditions, are

| RN

.'jf.-; : / \

?} ! Vs \\\ A ] 401
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calculated.
Since wind tunnel tests are not available for the to-

Tz,
=2 s

roidal antenna, the exact wind pressure coefficients are not
known for this shape. A review of the literature pertaining to
tests on more common structural shapes indicates that a discharge

€6=-39
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coefficient of 1.4 for the front wind is conservative.?%.?? fThig
also demonstrates one advantage of a relatively flat torvidal re-
£lactor cver the curved paraboloid. Wind tunnel tests performed
on parabolic reflectors indicate that a discharge coefiicient of
at least 1.7 is used for safe design. This represents a relative
increase of 21 percent relative to the wind loads over a toroidal
reflector?®* of equal area.

6.9 STATIC ANALYSIS

Given the grid point seguencing and load case cards
from MBTA-1l, 3 structural model for bar and rod members is gen-
erated for the NASTRAN input deck based on the truss and support

. structure layouts in Figures 6-24 and &-25. All rotational de-

grees of freedom are eliminated from the model to simulate a
totally pin-~connected structure. This use of bolt- or pin-type
connsctions permits a structure that is easy to assemble and dis-
mantle as regquired.

The backup truss was modeled by CBAR’® members, hence
permitting the use of elements with triaxial stiffness. Since a
primarily uniaxially stiff structural member such as tubing is
required for the basic 7-member support, the support members were
medeled by CROD®S members. BAdditional bracing members were in-
cluded as necessary during analysis. In conjunction with the
surface rms results, the stiffness of beams in some locations was
increased while the area and moment of inertia (MOI) of others
were reduced., All selected areas and MOI values correspond to
real members in the Manual of Steel Construction. The primary

backup truss members were mainly double-angle beams, the secon-
dary diagonal bracing members were single-angle beams and the
support structure members were extra strength round tubing.
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During statis analysis iterations, as shown in Fig-
ure 6-26, there were two criteria for the final design. First
the rms deflection was checked for each case. 1f the allowable
surface tolerance for the operational or degraded performance
cases was exceeded, additional stiffness was provided or extra
pembers were included. Secondly, the structural stresses on mem-
bers at the survival loads were checked. Ary nmember exceeding
the yield stress limit or buckling stress criteria was stiffened
accordingly.

The vield stress for the backup truss and support mem-
bers was assumad to be 34,000 psi for A36 steel. With a margin
of safety, 24,000 psi was considered the maximum cllowable bend-
ing stress. For long unbraced members the maximum allcwable
stress was determined from the buckling criterion'®

1272g
T ———— {(6=-16)
a 23(K1l/r)

where
Fa = allowable axial stress
E = modulus of elasticity
Kl = unbraced length
r = -ection radius of gyration

In most static analysis iterations, deflection was the
governing criterion for sizing the backup truss members. The
maximum bending stress determined the size and layout of the
pickup point members between the backup truss and support struc-
tures, and the buckling criteria governed the design of the sup-
port members due to their long unbraced length.

6=42
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€.%0 DYNAMIC ANALYSIS

lthough steticv analysis vas che primary solution of
interest quring this study, the NASTRAN normal mode analysis is
also useful, To determine the wind velocities at which the natu-
ral frequency of a structure will ¢ause resonant vibration of the
reflector, the fundamental natural freguency must be known, The
relationship between these parameters 18 defined by the nondimen-
sional Strouhal member’?:

10
§ = 57— {6=17}

-

|

where

n: natural frequencvy in Hz

-

wind velocity at resonance

<
._l
"

structural diameter

o
]

The fundamental frequency cf the 27=-0t MBTA is 12 Hz.
Assuwning & Strouhal numbor between 0.15 and 0.20 results in orit-
ical wind velocities between 1100 and 147{ nmph; hence, there
should be few difficulties with resonant vibration. To prevent
problems at the maximum design winds of 125 mph, the natural fre-
quency should be at least a half power beam width above the crit-
ical frequency, or about 2 Hz. ZEven for 200-mph winé, the 12-Hz
fundamental frequency is well above critical,

6,11 ERROR ANALYSIS

The MBTA-12 program was developed to calculate the rms
surface deflections of the MBTA surface based on NASTRAN results.
The grid point detlections for NASTRAN are punched on cards as
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well as printed. The punch zards of the original undeformec loCa-
tac:: of the reflector surface grid points and deflaction output
comprigse the input of MBTA-12.

The surface rms error 18 defined as

PR LS
S 6%
- 2t (6=-18)
Cras n

e Py

where ., is the deflection at dmdividual surface points. Due to
the antenna tilt correction capability of the foed mechanism, the

T -
1 =
1

geflections due to angular wmovements of the structure as a whole
are rnot included in the rms error calculaticn. Hence, a deformed

. .t Y. £

e

surface £ittiny expression is needed. The simplest method is to

calc.late the best fit parabola for each vertical secticon cut and
. calculate the individual section tilt at that location. However,
1 this method omits the horizontal aperture tilt as well as the

relationshis betwean sections. Therefore, a surface fitting
rolationship based on equation (6-12), the exact expression for
the parabolic toroidal surface, is used. To simplify the i1esults
the square root of the sum of the squares (SRS3) deflection is

?T‘l

BN R (et G et eed powd Bt ued et e g,
[w]
(%
]

"
s
+
(o8
LR N
+
u
[T

calculated fronm

]"/2 (6-19)
bS

and applied as a single x-axis deflection. This assunption is
realistic, since in moc-t cases the largest deformation occurs

parallel t2 the x-axis due tou front wind loads,
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o Equation (6-12), which is expressed in the form B
2 248 232 2 > j
Cl = Al -i-é—— - Al —2'— - AZ (xi + y:) + 1 (6-20) :

where €3 is the function error to be minimized, has Leen divided
by 16 F2R? to minimize computations® error on the I3M-360 com-

-

puter. Curve fitting by the least sgquares method is performed

NP RSN SN 1. Teery

PR

based on a minimization of the sum of the deviations squared®’:

] o
- F _ 2 _ A
% 5 = E e2 (6-21) »

'E im=1 o o1
§

If 5 is a minimum, then (38/3A;) = 0 and (3S/3A,) = 0. These ex- -
pressions reduce to two equations in which A; ard A; are solved
_ for the best surface fit,
¥ The tilted surface x; values are then derived by sub-
1} stituting back into the original equation. Horizontal and verti-
| cal surface tilts are measured from the new x cocrdinates and the
0ld y and 2z coordinates. The rms deflection is then derived from
the difference between the deflected x; ccordinate and the tilted
surface x;, as shown in Figure 6-27.
The left local, center local, and right local rms

values are given as well as the overall rms surface tolerance.
The local values are perhaps a more accurate measure of the gain

RN v e N

loss of the antenna, since these areas are covered by a single

beam illuvmination rather than the whole reflector surface.
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7. COCLT ESTIMATES FOR A RECOVERABLE MBTA

The cost data presented in this section for various
antenna sizes are based on a central satellite location of 333°
“east longitude, an earth station located at COMSAT Labs, a field

of view angle of 30°, and a surface generation angle (%g) of

put from the program MBTA-1l. These parameters include the re-
flector width (W), which is used with the aperture diameter (D)

to determine the antenna surface area, the maximum reflector

height; the feed arc length and depth; and the corresponding

d mensions of the feed building. 1In all cases ground level is

assumed to be 5 ft below the lowest point on the reflector.
Fabrication costs include the costs of reflector sur-

e £

face panels and backup truss and suppoxt members. As shown in

g 93.5°. All parameters used to determine cost estimates are out~
1 Figure 7-1, these costs are a function of surface area and rms

it

surface tolerance. The RF panels are assumed to be stretch-
formed aluminum, approximately eight feet on a side, over uni-
directional stiffeners and edge beams. Only the support member
length changes with station location. Since the cost of the
extra length of steel required at different sites is negligible
relative to the total cost, it was not included in that total
cost,

Estimated erection costs are given as a function of
surface area only in Figure 7-2. Unlike fabrication costs, erec=
tion costs are not scaled for surface tolerance since accurate
placement of all members is required.

The antenna foundation costs are scaled from the vol-
ume of concrete (24 yd?®) which is assumed to be necessary to
support the COMSAT UET antenna (32 x 55 ft) on moderate to good
soil. The foundation size is assumed to be proportional to the
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area and overall height of the reflector. Since the type of
soll at any two sites varies greatly in bearing capacity, the
cubic yardage assumed for this estimate should not be taken as
an exact guideline, Cost per cubic yard was taken from building
construction cost data for 1977 based on ectimated amounts of
excavation, forms, concrete, and reinforcement required per
footing.38

The feed transport mechanism cost is quoted as a con-
stant §12,000 independent of aperture size, since the rails and
support steel work are included in the building price estimate,
The transport cost is based on an actual mechanism designed,
built, and tested at COMSAT Labs.

The feed building costs inclvde those of the transport
rails and support structure, a pre—~engineered environmental en-
closure, and separate foundations for the transport and building.
The rail and mechanism support costs are estimated from values
for the width and height of the feed arc., Figures 7-3 and 7-4
show those parameters as a function of location for a 27-ft
reflector with D/R = 0.4. The feed building iz assumed to be
several feet larger than the transport dimensions with a minimum
of 12 £t on a side. For simplicity, ground level is assumed to
be the same as that of the reflector. Estimates are based on
prices for pre-engineered buildings, steel work, and concrete
from 1977 construction cost data with 30-percent additional cost
included for extra mechanical or electrical woxk,38

De~icing costs are included for DCA's information.
Figure 7-5 shows that the cost asymptotically approaches $22/ft?
due to the high initial equipment investment required. COMSAT's
experience iudicates that this egquipment will not be necessary
at the majority of DCA sites. Hence, the cost of de-icing is
included after the subtotal.

i
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Table 7-1 lists the zost estimates for three separate
antenna apertuxe sizes, as shown in Figure 7-6. The basic an-
tenna for this study is the 27-ft reflector, which provides 54-dB
gain in the 7/8-GHz band with 0.040-inch rms surface tolerance.
The cost of this reflector is compared with the cost of the same
reflector with a 0.020=-inch surface tolerance, which would be
requived for the 20/30-GHz operativnal frequency bands. The sub-
total costs in Table 7-1 indicate that the decrease in zilowable
ms error increases the costs by about 20 percent. Cases 2 and 3
correspond to the required gain of 59 dB in the 7/8-GHz band.
Both 48~ and 65-ft-diameter reflectors meet the RF requirements.
However, comparison of the auntenna costs in Figure 7-7 indicates
that the antenna with the smallest surface area satisfying the
electrical requirements is also the least expensive. The cost of
obtaining 0.020~-inch surface tolerance at these aperture sizes is
included for comparison only.

Table 7-2 lists the costs of the basic 27-ft reflector

at several locations., Due to the universal design, fabricaticn,

i
transport mechanism, and de-icing costs remain constant for all

sites., Erection costs are scaled slightly ahove a fixed base

cost, depending on the maximum reflector height. The largest

change in cost is associated vith the building parameters, since

the orientation of the feed window varies radically with the
gite. The parameters on which the cost estimates are based are
ghown in Figures 7-8 and 7-9 for the site of interest. In terms
of erection prices, a 27-ft reflector at the COMSAT Labs location
is considered to be the baselines antenna. All building estimates
are based on the aforementioned structural criteria,

Comparison of the subtotal costs of antennas at tha

various sites indicates that a small fraction (<10 percent) ¢°©
the total cost is involved in site-dependent work. A far greater
cost increase results from a change in the aperture size or a

decrease in the allowable rms surface tolerance,

7-8
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Table 7-1. MBTh Dimensions and Cost (FOV = 30°%,
center frequency = 7.25 GHz)
Casw 1 Cana 2 Cann 3
SurfaCe Tolarancs Surface Tolerehcs Surtace Tolerance
0.040-4n.] 0.020~in.} 0.040-1n.] 0.020-1n.]0.040-1n.]0.020-1n.
Oimansions
deflector
Apertury Diameter, D (It) 27 27 44 48 [3) 65
Aperture wWidth, W (ft) 60 60 126 12% PESY idl
Raximun Height (ft) 62 62 124 134 142 142
Aperture Area, W x D (ft¥1| 1585 1585 6045 6045 3L46 19lee
o/R 0.4 0.4 0.3 0.3 0.4 0.4
F/R G.233 0,483 4,451 S48 C.482 0.483
Gain (dB) 4 £4 59 59 1] 55
Antenna Poundation {(yd") 28 bt 214 F3%1 372 372
Feed Building
wWidth (£fr) 12 12 17 i 17 17
Langtin (ft) 20 20 18 38 38 ‘A8
Haight (£t} 4 43 88 T 92 92
foundation {yd'} 4 4 12 12 12 12
Fead Transport
Width (ft) 14 Y 3 n 33 33
Height (ft) 1l i1 27 21 27 27
Cost
Pabrication 160 200 580 760 940 1200
Execticn 40 40 160 160 265 255
Poundation 6.2 6.2 48.0 48.0 81.0 83.0
Building 7.0 7.0 24.0 24.0 25.0 25.0
Transport 12 12 12 i2 12 12
Subtoktal 218 265 824 1004 1325 1605
De~icing 52 52 151 sl 207 204
Total 277 317 478 1155 1532 1812
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sizes of Several MBTA Reflectors at COMSAT Labs

Figure 7-6.
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Table 7-2., 27-ft MBTA Dimensions and Cost at ; ,
. Sevaeral lLocations ;
oo s ; ; Ascansion {15
D . LTI - - L 4 £ -
Parametar Mt. HMarqgret | Sweden | Iceland | "y sland ¥
Dislensions 'TF' |
ol Latitude (ceg) -2 6V 6% 7 E
a E. Longitude {deg) 37 13 340 346 . ol
;§ Reflector Height 63 50 15 25 .
L (£t) :
Reflector Poundation 28 23 16 i3 By
(vat) Fe
: Feed Building i -‘
Lol , width (ft) 12 12 12 22 1
Length (ft) 12 22 24 15
Height (fe} 54 26 14 44 -4
Foundation (yd%) 3 5 5 6
Feed Transport e
T width (£4) 6 17 18 17 il
{ - Height (ft) 17 6 1 5 i
! Cost ($K) 13
7
: Fabrication 160 160 160 160 R
Exection 40 36 31 29 18
! Foundation 6 5 4 3 g
! .l
1 Building 6 6 5 8 i
! Transport 12 12 12 12 =
u Subtotal 224 219 212 213
; (B .
‘ De-icing 52 52 2 52 v
\ TYotal 276 271 264 265
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APPENDIX A. PROGRAM DESCRIPTIONS

The computer programy used to perform the calculations

for the study program are as follows:

MBTA-l calculates pointing and geometrical parameters
given v and A;

MBTA-2 calculates the field of view (FOV} as a function
of W/D for fixed D/R, F/R, offset, and generating axic
angle;

MBTA-3 calculates optimum generating axis angle and
rotation axis unit vector components;

MBTA-4 calculates the general exact beam pointing angle
¢ (¢, and rotation vector u as a function of ¢g, $ar Vi
and A:; _

MBTA-5 calculates the gain loss versus normalized sur-
face tolerance (eg/)) for fixed feed offset angles;
MBTA-6 calculates the gain loss of Ehe MBTA VE€Isus Ims
surface tolerance, ¢ (mils), for fixed feed cffset
angles;

MBTA-7 calculates the aperture plane phase error char-
acteristics of the MBTA (g = 90°);

MBTA-9 calculates the locus of parabolic plane scanned
beam feed positions and the associated scan angle;
MBTA-10 calculates the feed phase center position rela-
tive to the parabolic focus given a desired spherical
plane scan angle, 84, and furnishes the direction co-
sines for the feed pointing;

MBTA-~1l calculates the relative coordinates of the an-
tenna reflector surface, possible feed locations, and
backup truss, support structure, and foundation joint
members; and
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X. MBTA-12 calculates the bear pointing error in' the azi-
muth and elevation planes and the rms surface deforma-
tions at each vertical and horizontal cross section,

e o e M b ¢ e s

: MBTA-11 takes the mechanical specifications, aperture

1 diameter (D}, ratios D/R (DR} and F/R (FR), field of view angile

‘ (8}, offset dimension (H), and site~dependent earth station lati-
tide, east longitude, central satellite east longitude, and sur-
face generation angle (o) to determine the relative cooxdinates

of the antenna reflector surface, possible feed locations, and
backup truss, support structure, and foundation joint members.

To determine individual panel corner points and truss and pickup
point locations, the number of parabolic and gircular panel '
points, vertical truss points, and desired pickup points must be

S i —— e~

used as input.

. The output of MITA-ll consists of the elevation (§) and
‘azimuth (Q) angles nf the reflector; the local (site-independent)
and global (site-dependent) coordinates of the generating parab-
ola, vertical truss, panel and truss points, pickup, feed, and
foundation; the pansl arc and chord lengths for manufacturing;
and the approximate panel weights (based on assumed weight per
unit area). The local and global front and side wind forces for
45=, 60=-, and 125-mph wind velocities are generated as well c¢s
thermal and gravity forces if regquired. Print cutput is always :
given, with the quantity determined by some of the input param- 1 3
. eters. Punch ocutput can be reguested for the NASTRAN input cards )
f 1 for truss and panel point (GRID) locations and gravity (GRAV),
wind (FORCE), and thermal (TEMP) loads. The transformation vector
(CORD) between the global and local coordinate systems is also g
given to enable either set of outputs to be used as desired. ;
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Program MBTA-12, written at COMSAT Laboratories, takes

86 input the ideal surface coordinates from MBTA~1l and the
;N@STRAH djsplacement vecter punch output. It calculates the beam
ppinting érror in the azimuth and elevation planes and the rms

'SﬁtfﬂCe deférma;ions at each vertical and horizantal cross sec-
tion. For each case, the output includes the SRSS deflection at

- @ach biackup tru$s point and the resultant tilts and local tms

values. MBTA-12 calculates the best fitting toroidal surface to
the deflected points. The beam pointing error is calculated as
the angular difference between the ideal surface and the fitted
surface. The rms error is a measure of the difference batween

the deflected and the fitted surface.




: ;w BT - ,f_u,m» .

-3 =3 x..i_ ..n: vu ..iu foseesy [ oty R et B g TR s Y Srnet B st S S-o=\S g N anvost BN At S ool

i
.

saa;m%%aaaa;;m

:: 3 (3-4)13
1] .!\-&u«ainﬁ .ﬁ-\gt 147 0Q3=4

INEl

-

(94" (32R2-" u-ﬁg

! | : . vive-vimi
! . (1|3 1 33 uﬂ“u..wmm
| | T e Bt Rl i

g‘i!'ﬂ‘_ﬁsgﬁ%

L1

Ve O

'l m §§~R§ o !ua‘!i?&! H.»u "

&
i
?
§
2y
<&
gu
EE

. »

- ¥ e
-
-y
-




] 2

A-5

F
8
g

L 3}

0.8
. u o4 00

_ _ Y YN LS IETSE

CCOOINEY- (U LY 31 14/981)3° 21D
( (FEET0- - 1 T LINE ) 7 TTIN-y 2§
(TSI 1) 1005) / TN ~L2W

(5808313 /4 940 ) » TOE

-

10N 2}/ (SULTMN) =

8°C-1

3
ke

[X-1 Il
P
245%
38%
o
1 1

(N8P /258015 +00C 1 12000) D 2L108

LALFRE] M JH] B3 901 ) SOMERI HATB0 T 1 300+ " 3 ¥ 29199
ouN 31 88 04 7 ¥AIeS

NI FEUAIW 1V SNITW 140244) 50 011V L 2 Wwing

_ BN 4001 33 P iiin wie

N M Y SNE (R IV S w2l

‘981 1de il AING

' TIivEyeld »100

84 v ]

o NI B 0 SINDD 3 SL0ee

3l 01 JUWIND 40 SH1E9 1402243 M) 51 A 9 SEMQ
giﬁpbxuﬁ!g IFUNGIND 3D .9 yLeed
SOICW B 51 By 38R (JWRNLI-(4/8))(88/0! B Eaand

‘B 14/PE112003 31 ROISSINIXD TIVMINOHdgY L 3 #5998

. V “ind W (G1/31)135443° (s ) T 1 vesd
numﬂ 904 (G/M) 30 WOLITNPI ¥ SV Wil 34 1NCad ol ()
Bl KA00HNF0 30 qIILF I AUYYIVI 0L WedAd ) 22900
! S © 13-t g0 - pioed




oz

e T IR R P A gt gt MR TR
$1y MOLIVIOE B D9 S1XV WG4 DL W1NUI 71w
ML A4 TIIA SV TN $1xd NOTIVION WNELEO A 16 BN
SDxw NOTAWION B} 0 (5°8°%) SLXBNOMOI 3l HAIN B0
AL I[NNI S N IN0T R TIV] Vite B DiINd
T ke 1 30N TN
€37 (R 1) LS ALY <D
SUN WOTLVLON G SIXV Wiod NI T1OW

RS TR T

(A" (8831 Ly08 1 B A=

N 0 IS0 D
(S0 0030 (LI L-JLATN ) 1L+ BLSEL-LL NN TW ) A
WIIW XY

NONANLON DMIN] I HOLLNW] BIIS0) JN IO LNNAN
IR -383«4

(S5 % S8t =t

(LIRS THO JTEH* 1522EEON) LS ) /1~

POIIWY ROTIVLON JINN 30 SINTNOMIOD TIL
HESX+h X IM

(ISR ~S0EN ) /1 PXBLA-IABTN ) =3

I 0 ST, |

1LV13909-14
1H$300-)
(Md)NI[3-1}

1 1L-T)-2d

AW 31 IGUIY 1593 %“.“ﬂ“—ﬁ—h

‘el gdﬂﬂi

G0 2 H IV

$INOM NI B0V T1oWW FYIM0T 3D ULM DU VR

g Iy T ]
a1V 3 v

11PN M. HOLLVAON WNILY0 KU 4-0i7 K34
sATWVRNIS 11 CNINW o WLl wlivam 0]
SIROM W UV ULV Vil I v3s

19°9-\¥

W-SNIavE i) 53 3IN1TYS 0 Oliwe

("Llnive ¥-ld

. AN A v
(300020 SINW NOLIVION FHL 50 SiWIM0as03

3R ¥ 0) 03114eV 31 NOLIVZIIwed 11HN

IV G2 04 SILvh0] AV HO1L1504

WIS 0 HOTLNOS ¥ SY JTIONW STXV OMILveIId

{ i 90 SINLIvINIYG DH0I3$ QW U381 Il
“3ALIM01 NIVI N

OGN IGNLTIVE VNI ML S0 ROTLIMNE 1 SY 21TNe Slxd
Sl IVENTD Wi WONE1d0 TN 3149 0079) NuEDOsd S1HL
(C-v 16 Wm0 sd

ApdaiD LD

wd W LY

w

TR H R R T

i

0 e
3388

0“
33
 § 3

il

s

-

[FYSYSYSYRYSTEYS L)

=2
3

-

-l
-

-d




=4

R IR ” Pg | P
e g ey I ES

AIN0 Db 20 13°4'W) SLON0MI0Y 341 2ANLIMGT (3] n11vi
o MNALLYY INLINNGT 189’ NN .a:d wits M) 1A
, 1/ SEIR037 (2310 L1 LIRS ) DMLY= D0

E1xy wild Jv SIx¥ WOILYIRN HIMLW TN

ZP TGNV WY

MOLIVZTTWAEON L1 I

Pt APTA ]

113441209

1Eat 3 e oerog - PUIALLIBE MY

S1xw WOILVI0N 1IN 30 1374°%) JLCBONDI
‘1-20383 A+ 12LINN

it
A-?

<X
3

o B UL

§
:
RS

s
)
A
g o
]
4

AL -EAIEX - 31K Jw‘
IXEN-TXBIX-T IR sirse
(50) SEEL B4)50)-914 E
. yl-=3% ML
2LICL-PLIWY =N oL
N i
TLSALERNICL- JACL LSO L Ao SLRL L- TN e
11810803~ T UL AL LAR L 39L -~ 1N Hivdh
(909)503-31 L <4 ]
(HVINIS-5A i)
(W03 5031 $iCed
1 SO WINIS =34 L0

FIC 36 o TR Y (§ N LG ¥ WS

CAVIINTS YL iy
(2130 W
{ {9 3503°23 E ot od
(Nd)IMIS8L e
P81/ 142Gy »
81/ 1endivieln] 2w
VA Iy 51 T8

vivg 90 ) T LIV VIBN BHE GV - O MIEE
A : A e

oy ieme

41 03 0% AL IoANNasvY) INTIVIIN T SUW-RUGTWOLNIE WE DU - 2 Miye
. iy PN e g TETRE ] uﬂcw o] T o “M1satCldokd - MNIW

y , 414 ] S - A3 3I0V 1 B
34 11 WeCE RIIA WOND DRILEid I Wi 411N 513N 4188 WL vid 2 #5194
, ) S SETS AT 20EN- § LU0 1 BN L W-0 284 L 122 ] Tl L g 2%
LRI CRLRE L~ Cd XN SEEN I B+ BAFEA- L I SOTTIN 1 3V ) <A ] - YA e =24
T U (WM Ja1TIAvE B 8L 4 2w ] L i DINWLYE Il o 128

:u_..vﬂlag-,u...qu«ntus.._t i “iwyS MLIA Yowwd BHHIDJ VI L ST IS 2 BRI

: "G/ 1ds8dd oied SIXV SHILVMDD ¥IGM 1 i TIOW SIvi NIFu W T #1108
: ) €141 USRI !wp VI NI 31 SN A0 1AYIS0IS B 3 delos
: . a1l ier o8 $1i09 200 31J1IUVE v ONIRGTT0S M0a3N INIINIOL w7 J 3998
aﬂc‘ag B W AWI1LVII0N BUY 5§00 LMD Wi G SEXV 0TLyroN 3L MIFLIE FITHY M 2 . 000
, ST NG VI L GW LY SInL NIFUM T 2 ¥%e HI10 20 01314 MY IO LN104-01w ML tv £3wdd § 3 ALLTS
, CT a3y geiidn Sixe Wolleioy TIxig v Miln 3 FESGSONILNIGA WIS WL'U313133<8 HIIY S TN WliwiD) 2 93389
: oy ot ) v G 41 0y Tt 20N HI 311y 343 WEHN J0ALIN0T MILVIIN B’ FnLTiha] 2 oraed
j . o “$ix¥ w104 0 s3ee  FMUILIY ViEN 20 ROIANRY U S¥ #0103 1V NCliwiod 2 R
! : - , 3 1IN0 M S0 SLEINOMQD L S5ILVINTIN) eETLA SN ) #2320
\ HL OW ¥51a900% 330213343 4V SD NOLLWACE Im) HIDALIR 3 8550 Ty-witx Wwd0ad A9
; T4 iCn03 ALINR 30380751V N01LViLE LN LA

Tiw B OW'iS




AT TN B Al Mo - g L TR - R s

w B B e S SRS S S O L i e P ey g - A - —— o

) b e . )

. - u ~— o u ~—1 cm—y S PU— [ v oy vy PrEm e R P P—
A R [ [Je—— e A R——1 Ve - T F— PRp— P | e T : ; E . "

N3
m1i0s
:Wﬂ.utw_.
19°13°4500(3° 3L 19N
(AT T8 21+1D
1210 M1 5501 NI%D
(X-)YdXJep
AR WAS0VISUIITRIdY ") =K
*2als1=13
1F-INWYIT0L FOWAENS S JIZTLAEN
21711 22 0% .
*981/1d7 30944509 -
{“P1-T)e 4509
3509-T104Y 135440 G334
173701l 27 04
("1indlos ys1d
SYIONY L35450 0334
plEk CIX1J 1w IMNGYII0L IWAENS Swy QIZ719WHE0N
SN lgW 3HL 30 $S0T HIYD 3NL Y INDTWI 2l wuadddd
[5-94 3 FwdyD08d

[




awd
J0L1S
5 0L 0D
(3°9)31190
193 tarl 47 350¢(2793) 11190
(A)0TD0TL 11D
19- 4@ NI 5507 NivD
(X-3gh3vh
SIRCYGIN/ (YIS5W)I S008I 1d3” p)X
iu\;—n?-u
(SIHONT I3~ IMWEI10L FWMNS Sud
) 34 7) 3r 95 cd

.ou.\r_-umoc.ﬁmoc
509X’ 523y
4509~ 37 uxc 135440 1334
(NI v-1d
ATINY 135440
a33s ﬁxuu v .y Gdzuuoz&uuo» 3004405 Sud

« 3-9l 8N 150008d

SN WiEH i 90 5897 NIV FHL ILWINITW] OL WYED0ud




N e R J—
; u — R P— R -
H ?w [N r«..!ih cien b — “ oarm .w - ...\a.m 2 o - [Saasi ——— o e~y [

. - Y srmmnmy

:»:_v,
k= NORTH B
b DR , i
[y R R F1S]
IR 0D ]
CETLEARNE SE-2ic 1 8- B :w&cw ’
AT A5HHAA 30T LT OHE S3THNITE0D D4dril4340 D) DFRGD
CgEdS=N - IR
awﬁaxax . S0
- ) Co R #+_:u 1005 5 Leis 34— g+«_ , WLZ00 -
B T IANE RETE AT - i IR IF BE S 2 TR E PSS RS e & i L oo K L uu*JD*cxhxxmm e
- HAiJ-434d43 F5eHd Feidd wmmhmu i [ =
L ; ZAHA AL -Tded - T =43 DhZon -
P _ _ : ﬂamﬁwu+r,\4**auxnwu 2
, . VRN EE L 20 LYias=20 g0z
G ECE S B SRR 2 18 e R ] e
_._.....\_s .—s._......._u: T

Liv = 02 au
) R T O R =2 KW

biii=1 04 cc 32209

il " L= DIZ 0

A3 13 3HL 0L SRz 0n

QAT IRARH 3L L0 1334 UMY 3404348 S8d 040y TRy 1]
g 42=042 BEZ 00

337 4h=03% 2200

_ 3. =04 HyZa0

A2 AN A5 5334 o :an;n

T EAZY AN A ~EN0d 21T0EE RS Y R YY)
AHL 0L 3NILNN34 :CH»HL:g 3334 3IHL 3434 D oas 00
. . 33 =007 e} 00
i : MO#FS R 0d 3 3000
: - - _ank:H:u mL:u¢mum& 3s IIu 3H. 3934 A 05100
A4S E0 00T 0Tk 3 3L TAEM hl 0D
e B ©H4 W0 T O Ot 50T 5 2200
- Al4L35 z::v B339 2.08-=071 3L Z Eziou
G4~z hidss R R R
. H; J;_cﬁ‘m:m.maimmzhzzlnu 40 5N108A- 4313010 200
“aflkczmgm_cz ¢mwwmzha FV=LAS 4405 Ga-43L 50 [0 IHL 11934 Y =R
e LT IHEARE Th=14d OoaG0
: _ 37 34 L ERY I
) ,uuw:m MIF 51 20307 =00 T4 43 mvmiu 2 A0
.:_a:w.,.. =l wm:bumu: auh_mﬁzum AL 0 R aci 3 LD
S SA4Z2030HEEE DT L3030 1_m: F FRaa0
, » SHIZLHIL) =0 SHEEH B S301004d HeEEd S1HL 2 Shedn
T olue T i Rk 2 D TS G W1 [~ B 2 Dh0un
e ::_»mxu:mo BWLTELAd L3440 WY 40 dHdTd Fdnbasdd A RZig
- bl 3N L&Cm¢¢ u:11¢ wlr u-&gzudzd AR D1 I N 2 TV

{irlz R S




xﬁaﬁs

&=

, $ 0L
Hoasuea? Batt
gty
{ IZ4GHRA4-0 3

i (2G04 T2 4 RER S H-G3H) ) 4SS~ { * 1-)3L+)
555 VATEL QA ST X -P1) ) LAIPE ) T 1TSS
NIG-20ET 20Wd IATIVISE 2l WL

'&asmmmzimzmﬁ

{IBTHINT S| (BN -STXINY) 3 1 550
{ DO ING NI D SOXBEN QWA W] iad 33
stwtugn.“ Wikdls g—mﬂ

£ ol G W

. Lo
el il (Ut 1B b b xmi b o b

L Bt 35 50T i1

gi‘
s unn
g
[ &1 e
|
§

S8y
SX-3N104 4
e
i’ CE e M ]
ﬁ-guéhﬂ SIS NNAS ¥ NI Mw.nbnnn._- P T 18]
-0 0 SNISN

h

Y Qg

[ i .
LR3I i 5 el e Ve 3

|
‘
|
|
\_ (SRR ¥) /212
|
|
N
“
|
_

uuuom 0'
%52225%3%3
$iessasisEly

4 dsu n:. s D R e TE T
..a.t -ﬁto - LUBIC FL N
3 ‘wa 3
08T/ 18013y s 501 1d
SN TS TV > A0 ;
SIHS-TION SIXV SNILGIND I OV 2 W53 :
$1 2/66:81+9%) uzwn.@ﬁiﬁs;ﬁ 'uﬁ 3 atuat. :
i : i.ﬂ.s: RGN TAUN039 I P (272N 2 0.600 !
5 - . S 3 $3Lae ;
\ W OTULINOID 3Hi NIZIMILAO -0 ShW3M ) 85069
¥ $3811\08d WRICEY SIHL TION ST MILWEINID ? &vege M
IS8 WLIA YIGH L350 W 30 SWid TNLNIN ) eEdod
YD SR0CKT 3 Tl TUVHDTT 2. wwanddd > 02090 i
(SVLH) LVID0Nd D ois89 3
{B9LIN 1309 13 :

tord vl Sl el el bnd Wk feed




T Tt s o o

=
013

, 3 A 09
g.lﬂ-ﬂﬂﬁh-ﬂ.ﬂh‘k- uoﬁv im
« VN3 1IN [ 4/ M T e T
SHL-TWW W J1I08W N

wﬂiaﬁ
NOTLTSCd 3333 1MUILT 0 dent a100Hs 33
. qusQil-1
. qExqix~x
1921 ST+HZIANDS-E24{ 520 12) 20051 3103000 8

(X2-162+0T) LD -82+( AT +£ 23 L000d 1 3 TTH0C
Co :o\gm.none..ouu-

WA EAZ-T13/788L° L) 451001
e Lt~ 34282042
(10728805 4241181 32
B CR-1I/TBUS 2T 4TI 182
TR CAX-S§ 4RIk
: (13-25120-0 1+ €2
RER¢Q4A2-12/283¥20¢23-1 2L
F(AX-20; + 12
BRGHB
GEIR4R 9213
. e-81=20
e R

SHOILIS04 9333 G325 TN

S e 2042

bt 2 ]

OB

NOTI150d 0334 4V S JWILINL

#3199’ LR 3 SR 1ST .
uu*unﬁ._mn_-.g& u..mwm«wi..

- »umu.*o.n-&wwﬂmtﬁ,.:»gu._w:m:\mup!tun ¥ I

(" INwlYE ¥eid
0 B

SNOTAISO4 42°4x GNI4 O3 OH3Z O1 I3i¥nD3 SI NOLLD3S
3T10qvMvd 40 SIWINLXT OAL LY SIS 40 MNS wilw

40 SHOILISO4 0333 ww3E QWIS ONTS 04 Ned04d
: . _ C 1G-YLE WaD08d

Do PN R PR S )

i
.
g

R

y -
i

A-le




G

4018

4 04 OO

] L2 A" XX D) BLLN
Lo N B TN TR
2 AL B TN

D" Pt Mk JETEC

*Q=AdN

(RIHd IS~

IV T-X WD NI N W0LIIN 40 $SHI300 8
1 2SRAT TR A+ TALAN) LUBS = 24D

{9 SOURRR(STHSINT SR D14k ) B )21 AFOHL ) SO

=L CRAL300- " § 13U B TR SOTRI S THI INTSB( J0ML T UT S =42
(AL INISILID I } SO SIOHLINIS+ CDIHIINT ST FS0HL)IS0I) ~= A

LOSHL 1503-" 1120 SIHL) SOIE S 1N INTSEL APOML 355900

~({SR1 3F00TAEF{ BTRGIBONTREC QT U INTS 15 JS0ML YNTS i)
304930 MMIANIOI TWIO1 #0 SMiSOI°d

(OINdINIS/1 { EMLISOUSEIRI S0 NIS-T0B( 01 4d 1 303-°1)2 M- 2
{PHL I RISEIN-» 25

(ISHLIB00+ " 1-)2( DIH42 5008 T =0

W/ SINgINTSSUI~TIEE=TY

AIWISHL*5HL

IS0 > 5500

ENTH v D] Hd

SHESE”SI0W3d

I vs QIS M1 CYId

] HOHL 375 T

AT L3530 4333 M) Gv3e

Lo, P Ad TR 5) 0N

SV 15" W30 S~ UL RN L IV

“T/ 1dyH

1 TINYLIYE ¥eld

) *SYILMNwd SHIINICH

4333 M4 #04 SINISDD NOTLIZN.Q Il SIHSLWn 0S5 4l
ISHLIITONY NWIS Q3NISH Y N3AII SNOGJH ML 0L N1iw3
WO1LI508 WIUNIY 35¥Hd G339 WL SIL9TNITE) e l0Nd GIHL
t @T-yilINyN90ad

" n s
90
3v00
o d
b eoed
ot
sl
oo rod
¥
"o
L%l
WL
AL

L

3 ¥22ee




