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4. GEOMETRICAL AND BEAM POINTrNG CONSIDERATIONS

This section develops the M BTA 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

goosynchronous 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 POiNmING

For a geosynchronous satellite, all MBTA antenna mount-
ing and pointing parameters may be expressed 9 in terms of two

independent variables (v, X), where
?4

v = MBTA (north) latitude (4-1a)

X = MBTA (east) longitude - satellite (east, longitude (4-1b)

and m E 6.61 = satellite radius/earth radius.

The local elevation of the beam pointing direction is

i-m .... (AIos

e tan- 1  m cos (v) cos (X) (4-2)
M/- cos 2 (V) cos 2 (X)

Several special cases of interest are as follows:

a. e = 00 when m cos (V) cos (X) = 1. If X = 00 then

cos (M) = 1/m and v = 81.30. (Note that v and X are interchange-
I able.) If X = v, then cos 2 (v) 1/m and v 67.10.

/i 4-1

-'- --.-- I'i ,... 'V T.. .r l... . 'i ... '
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*b. c = 5e when cos (v) cos (A) - 0.2363. If A - 00, then

v = 76.332*; if A = v, then v - 60.9150.

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 '

81.30 < (C + V) < 900 (4-3)

as shown in Figure 4-2. 1:
The local azimuth of the beam pointing direction is mea- .

sured clockwise from a north reference, as shown in Figure 4-3.

The equations for the northern and southern hemisphere local azi-

muth differ by 1800: !I
AIN 1800 + tan-[tan XA (4-4a)

AZ.. = ta tan X (4-4b)

i
where AZ ,H" = 1800 and AZ& 1 . = 0O if A =Q0O Also shown in

Figure 4-3 is the satellite angle (relative to the subsatellite 2
axis) to the MBTA. ,

= tan-1 [?) cos2 (4-5) jla CsMCosW

Figure 4-4 shows several additional angle relationships

that exist when the MSTA and satellite position ha-re been speci-
fied. The following are derived from the identities for a right
spherical triangle:

a. cos cos A cos v,

b. cos 1 = sin v/sin ,

4-2 LI
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Figure 4-2. Surn of Beam Elevation and Latitude Angles
81.30 < E + V< 900 at Cc-longit--de Position

-jiL

L

Figure 4-3. Local RBTA Beam
Pointing Azimuth AngleL
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c. sin (AZ') sin X/sin p,

d. tan a a r sin p/(h - r cos p) sin p/(m - cos '),
e. tan Q' sin A/tan v, and

f. 900 - = + c).

Figure 4-5 shows the geometrical basis for d and f.

4.2 MBTA LOCAL HORIZON AND SCAN "PLANE" VECTORS

Two additional unit vectors are used to describe the
l /I mounting and pointing of the MBTA: "

a. p = MBTA scan plane" vector, and OF

b; q = horizon vector in the aperture plane.
4

ok oftc unit vncnr, Z Uie i n the aperture plane, as shoxYM in
Figure 4-6. The local horizon vector q can be deiined as --

qjto ; (4-6)

A

where F is the radius. vector from the earth center to the MBTA
location and R is the beam ',potinting vector from the MBTA to the
satellite position (in this case, assumed to be at the cent"tr of

the defined field of view), z.Ns shown in Figure 4-7.

F

4-64

• .,-.-
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p SNO

I

AA

ri. ...-... .;' = SCAN PLANE VECTOR OF TORUS . . .i2

= HORCON VECTOR IN APERTURE PLANE "iv (3a

Th Scana *Plane Vector p in MBTA

Fi Pe46 t ro n VRto q 9)

L Aperture Plane x 0.

= hi cos 4S + j sin ] (4-b).

UI;. 1=." hE- sn g - j c"4~ ( 4-Be c)-

:[ I1 = r (in + 3. -- -2r cos v cos X (4-'Bd)

],: Ii . . ' .The scan "planea vector iS defined p'as---0(-1i

i ; ! . ! . : .where p lies ,in the plane of R and T, and p~ x T-0.

It =" 4-8 -._.
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The last important geometrical relationship can now be

given as

tan SI tan cos a~ /si x~~2 m Cosp (4-10)
(!anj/M 2 2MCOS + I

This relationship is derived by noting that

tan Z(4-11)

rurhar, noting that

gives

ta 2_Fxx x x

F x~ if ( ( x K) (413

=0

and- since

tan (tI)j-('.) ') -
x

W ~ (f~f (F'.)-ft -~

- Fx
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&1! then

'T-- -TR (since T-F = 0) = hr cos v sin X.
-= FK-F-F =(m cos %i cos X 1 r2

tan QS' " h2j" Sin V

[(m cos v cos A - ) r 2

,- r 2 (n 2 + 1 - 2m co v cos A)]
• ,r2}

.:O( r os v sin ") (m -m COE. Cos .

07. ' sin v) rym2  1 - m cos cs,

, ,:~a + 2m [ cos 1

. Thw iocal horizrn vector may be determined I y a.pplying

equation4 (4-6) and (4-7) or (4-12) (normalized) as follows-"I

-ain (Qi + cos (~)j-cotan Mv sin ()k
"::co an (i1 + ' " "

.T,he a-zimuth angle of q iff zz fxo, tht of the beam ointinq

[ e.g., equation (4-411b 0.Telclrflhvco ta i3T
site, shown in Fiqure 4-8, is given by

1n: 'A sn sin +  co4'6)

A

and the lccal nzimuth angle definod by IS

si. - s sn
(4-17)

-~c S: + O S x i .-. 2
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Thus, ,H

4= AZ - 90 °  "

6% 
i}A . z goo

I'.

NLi! ,I I

VII 
"

Figure 4-8. MBTA Local North
'i'I Vector-

The orientation of the q an. p vectors is shown in Fig-

ure 4-9. Note thit the angle il is nekgative:, ttr a U.S, tTA

torus position viewing an AtlantiP region. satellite.

The unit scan "plane" vector p is derived from

Ai _ _ _ _ _ _ _ _ _ (4-18)

H! 4-12

- -,-
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The unnormalized vector expression is

p i[- sin 0,(M 2 + 1 - 2m cos v cos X)+ cos s(m cos v sin X) i

- cos 2 v sin X cos OA] + j[cos 4s(m2 + 1 - 2m cos v cos A)

+ sin 0,(m cos v sin X) - cos2 v sin A sin 0A1

+ k[- cos v sin v sin X] (4-19)

A computer program (Program MBTA-1) for calculating the

pointing and geometrical parameters given v and X is included in

the appendix.

4.3 DERIVATION OF OPTIMUM ROTATION AXES ANGLE, T(,

The beam of the MBTA scans over a conical surface, as

shown in Figure 4-10. The rotation axis angle, 00, is established

by

0= cos1 ] (4-20)

where K 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, X, is defined by one fixed

%0 value. With the antenna support structure adjusted to place

the beam on the geeaynchronous arc at one location, exact beam

pointing with scan (or equivalently satellite motion) would re-

quire all derivatives of %0 with respect to 0s (satellite

motion along the geosynchronous arc) to be zero.

4-14
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Ap ROTATION AXIS

I CONICAL BEAM
SCAN LOCUS

Figure 4-10. Conical Beam Scan
L~OCUS

The MDBTA geometrical degr~ees of freedom perm-it the

first two derivatives
1  to be set at zero for an Optimum

solution:~

600 6200
---~ 0(4-21)

The rotation axis Uis specified as

u al +bi+Ck (4-.22)
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Application of the derivative conditions [equation (4-21)1 and L

thie normalization condition

(U 1; /a2+b2+ CI 1 (4-24)

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

mum generating axis angle

Cos-1 (a, b, c) (4-25)

A useful identity is

}.~~~ ,1 6 O- ==01-2)w
(o w-- /)- (4-26)

6X': i - W2  6X

Thus, in general dw/6x 0 unless w2 = .

By symmetry, the first derivative of 10 Js equal to

zero for the co-longitude case (X = 0). Application of the first '

derivative condition yields

a sin os(m 2 + 1 - 2m cos v cos X)

+ m cos * cos V sin X - Cos 2 V cos A s '"

+ m sin s cos v sin X

iX+ c- sin v cos v sin = 0 (4-27)

4-16
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while application of the second derivative condition yields

j- cos n2  + - o co v c os A ) .
T .b ' sin B(M2 + 1_ -M o CO V o COS,

I CoS os(m cos v sin X)

+ o 2  + sin v COS {il vCO V COS X 0 4-28)

7~ Thfen i
ax1 + bx2 + cx 3 = 0 (first derivetive) (4-29a)

ax4 + b-"S + cx 6  0 (second dexivative) (4-29b)

a2 + b 2 + c 2  1 (normalization) (4-29c)

4 Since

x = - tan X x6  (4-30)

solving yields

a _ x 6  (4-31a)
'c ( + xh) + h

b h-.
. . = -x 6 (x5h + x4 ) (4 3 b

' = + -x 4" +  x~h  (4-31C )

~4-17
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where

h (X~x5 X2X6)

ProramMBTA-3 in theapedxpoieth tmugnr ig

nent asa fuc".n o theantnnalongitude and the I4BTA lati-

auead ifnd ia showngitude.

Fgr4-1iamaofteoptimum MBAgeeatn

latiude.The optimum MBIA generating a-xis angle at the co-

longtudepoint, soni iue41,vre rm9*a h

equtorto 97 .8 0 over tepeetlttd ag fDC nen

polar axis is L

as shown in Figure 4-13. The magnitude of the inclination angle

is shown in Figure 4-14. At latitudes of 00 ard 900, U3 is iden-

tical. to the polar axis; at intermediate latitude positions it

depparts only slightly from this orientation.

Worldwide deployment of the !4BTA antenna to view syn-

Pchronous satellites from all elevation angles 5* requires iden-

tificat-;on of the minimum number of different reflector designs

(definea by the angle 4'0 between the bempointing direction and

the axis of rotation) and their corresponding region of appiica-

bility. If the angle 00 is fixed for a multitude of !4BTA loca-

tions, some amount of orthogonal plane (parabolic) beam scan loss

4-18
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is required to scan and reposition the beam along t"e geostation-

* ry arc. The antena mount positions the 0aaq exactly at the
"If- center of the fiel.d of view or at tWo symetrically displaced

angular positions about the center of the field of view, as shown

i in igur"e 4-15. The scanned beam postion(s) will then depart
somewhat. from the locus of poiating directions defining the geo-

1 ,rf synehrotous arc. The beaft is repositioned onto the geosynchro-

nous arc by scanning the beam in the parabolic plane of the MBTA.

P j

Figure 4-13. Rotation Axis Inclination Angle !

In termus. of econumy, it is important to minimize the
n1< uier of 41if frent reflector geometries required for it system.
One major objectivd of this study program was to verify that a

a tagle reflector geometry would provide sufficient performance

margints for DSCS appticationQs. Use of a single reflector geom-

etry for all DSCS IOTA locations, with only the reflector support
1structuris v4ryiny to acccmmo4ate different latitude and differ-

ential. longitude postion,.sts in considerable simplifica-

tion fvtX the overall antw system and, minimizes the resultant

~tr

antenna,~~ ~ ~ fa' r.."a c~

, J -. 2.1-
.Y ,.
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JO 20 36 46 ro 66 70 WO 10
L-ATe1VLIE (DEG.)

Yigure 4-14. Rotation Axis Inclination Angle vs
Latituae at the Co-longitude Position
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4.4 POINTING L1TFEC q OF A SINGLIE FtED C WR.. I.

SWhen the reflector gtniera.inyi ais asi:le., C0., iS fixedio

the amount of pointing error with . i.

(desired - actual) beam pointing aQ- 1() - %;.1 (-.33)
i, -I, !4

as shown in Figure 4-16. The anqle t(4,_) is the exaizt awiie

between the fixed io retation axis and the R pintrng vect.or be-

tween the BA and Ute atosynchroaoui aateClita P:si:0n. ;h e

Santenna geometry fixes I - 10 independent of the satellite posi-

tion s as the beam or satellite angle changes, Hence, twe -dif-
ference between the two is essentially the beam pointing error

that must be correcte' by providing somze amtnt of beam scan inr-

the parabolic plane of the MLTA. Fixing t0 zesults in the fol-.

lowing set of defining equations for the MBTA reflector rotation -.

axis. For the first derivative condition tequation (4-27)],

ax1 + bx, + cx3 = ( (4-34a)

for a fixed 40 design tequatior. (4-23)f,

ax 7 + bx8 + cx9 '" cos €0 / mr2 + 1 - 3m cos V cos = x10  (4-34.)

and for the noMalization condition [equation (4-24)1,

a2 + b2 +c 2 = (-34c

4-24 i"
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j-This set oi eqnal--ons specifies the rotation axis parameters L;

(a (, bt3, c) &S f func. iof of antenna and satellite Position~s.

They, atoe returned to the. expressioni

I~~.s R-4'~ ds[lw)u 0  (4-35)

to evaluate the. 0' gsxilrlu assocated, with eatbeam positioning 1
,~~~ olic;itpreceldinq , ot of equations as follows:

X' 4 4X CXQC5 :2:101

S " an411, -ubtractfl. ylds

'a; (.<. >. ' 8 + X 2 7 Q(2C3 x8  X2 Xg) -31

/ax 11 + b::12  (4-36a)

ax7 + bX2xy + cx3x7 =0(3b

ax 7 x1 + bxax 1 + cx9X1 =x 1 0 x1  (4-36c)

Further subtractionl yields

b(X1Y - x 1 x8 ) + c(%:3X7 -x 1 XQ,) =X~

orbx 1 4 + cx1 5 =X 1 6  (4-37)

7.1~ 4-26
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Therefore,

[ a IX+~ 13a+ ; 1  (4-38)

14 .I 5\ + !!X 2 1 (4-39

To find '

a 2 -b +c 2

lip Where

a2= + 2x xC+ x c2  (4-40a)

b2 -2 + 2x19xj0c + x 2 2 2 (4-40b)

Thus,

c2al + X''+ X2 ) + 2c xxE x9 2 0  + (2 + X2 9 1
C. au) + 2c(vv) + rr

=0

and

C F V vv2 - 4uu (rr) 1 (4-42)2uu

The two soluti~ns obtained above both satisfy the first deriva-

Itive conditions. Although t'he ar-'.enna scan performance over a.
limited range ((200 field of view) is v4.rtually identical, the

M1solution provides a bcntter optimum over a wide fieldl of view.

4--27
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The beam pointing angle $(ts) is plotted in Fig- Li

ures 4-17 through 4-21 as a funcLion of 0. at fixed latitudes for

fixed gene-iting axis angles of 900, 930, 93.5O, 940, and 95.5 ,  j
respectively, cith exact pointing at X = 00. The difference be-

tween f(ls) and 0 is the error between the actual and desired

beam pointing directions. This error is compensated by scanning

the beam in the parabolic plane of the MBTA. A reflector surface

defined by 1

= o 93-50 (4-43) A

which symmetrizes the orthogonal plane scan error characteristics I
for antenna locations at 0* and 701 latitude, is chosen as tha

cptimum solution for the DSCS application. A field of view of

±200 requires less than 0.30 of parabolic plane beam scan (no ' 3
mere than one beamwidth of scan at 54-dB gain, and no more than

two beamwiaths of scan at 59--dB gain) for v = 0 and 70* lati-

tudes. Nogligible beam scan error occurs for v = 200-300

latitudes. .1
The scanned beam pointing error characteristics for the

optimum 40 = 93. 50 geometry with exact beam pointing at X = +400 4
and -701 are shown in Figures 4-22 and 4-23. The scan character-

istics as a function of differential longitude are nearly iden-

tical in each case. Note that when X = -701 the beam can be

scunned only in one direction to satisfy the constraint that the

local elevation angle must be greater than 50. This constraint

also affects the range of useful latitude positions (01 to -±44o

for A,= -±700). Table 4-1 summariaes the scanned bean pointing

error (in degrees) as a function of latitude and field of view

for the optimum k0 = 93.50 geometry. Fog- fields of view up to

4UO' and cnitenna beamwidths corresponding to gains up to 60 dB,.

4-28
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93 0o 1
4.10 20 430 40 530 .4 0

RELATIVE LONGITUDE, A ( (DEG) i.i
Figure 4-22. 0($q) for 400 93.5*,

X =40*

Table 4-1. Summary of Spherical Scan Beam Pointing

Errors vs Field of View and Latitude (Oo = 93.5*)

Field of 
Latitude, 

View 0 100 20" 300 400 | 60" 700
. .. :, - .. - - -_ I', . - : - , -Lu :. .. -

100 -0.019' -0.01* 0.0030 0 0040 0.011 0.010 0.020 0.020

200 l-.07* -0.04 ° -0.01' 0.02 ° 0.04* 0.060 0.07
°"tI 70

30* -O.160 -0.09* -0.020 0.0370 0,090 0.130 0.160 0.170

40" -0.29" -0.16* -0.040 0.07* 0.16* 0.23' 0,281 0.300

4-3A
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the performance impact of orthogonal (paraboflia plane- scan r-e-

quirements is negligible. The nr~rower b -,amwt!ltha ancia:ted

S.with the 20/30-0Hz bands require three to five beesnwidths of

t4~antenna reflector surface is mounted to provide two exact

pointingq positions over the field of view, as shown in Fig-

urc 4-15, the maximum beam pointing errors are hai'.re4. The >1

K choice bet.ween the two anten, a mounting &rztarigeinents which pto-
vide either of t-he beam scannxing loci shovwn in Figure 4-iS do-
panda upon the Lystem definition, i.e., a syst&s in which all

satellite positions over the field of view are equaly likely or
a systez in which the mid-point of the field of view represents a

~ faroredbe=u pointing direction.
T $e t ttiOfl axis inclination in the co-longitude. plane 1

(X 0) is shown in Figure 4-24 as a function of latitude fort
fixed 00 angles. The components of the rotation axis vector u. are

shown in. Figure 4-25 as a function of v and A~ for an antenna at

&=00 wita 4 O = 93.S 0 . Program MBtA-4 in the anrwendix n~rovidesHthe beam pointing O 03) and rotaltiorn vector C11, characteristics as
N~ a A-unction of %,j <Ai vt ard Nk

The important conclusions are that, Zoir DSCS applica- 4
tocwith a field of view up to 40J, 4 single reflector surface

geometry. 0 93,50) is sufficient tar a systei deployed woorld-

V wi~de, and that bean pointing errors associated with scan have a

Lu negliyjibtuo impact on RF performance. ..
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I. This section develops and! deta-it" the electrical per-

fo-n'.tce eharacteristicL of the MTA. TY;e aajor part of the

study analysis focuses on the front-fed offset geametry that is

not compensated for spherical aberration. However, phase cor-

j rected MTA systems utilizing either an aberration-correcting

subreflector or an aberration-cor:cecCi:g fe- a-ray are ad're ...

in thae latter part of this section.

15.1 BASIC PRFQUEITC"Y CONISIDERATICIIS

The Governnent K- band frecuencies are considere. tu- be.

the primary frequencies for opti-izir the MBTA design. The

X-band up- and down-link bands are summarized in the foillowin.. *
For the up-link X-baad:

7.9 ; frequency (GRa) 8.4

At SOO !K~iz

f/Ts 6.13%
1.494 X \in.) 1 0 E

3.795 > . ) _ 3.569

and for the dz.n-iink X-bask

7.25 frequency (GZ) < 7.7$.

i 6.57b

1.629 k in.) 1 .j'24

A1 (cm) 3.868- _

t5-4 1
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Th miinimum separation between the trxananlit and receive~

jfrequency bands is
&f.1., (TRANSMIT RECEIVE 150 tulZ ~ l

'IThis :,ci ?araition iraposes special requirements on the nece'ssar'y
filtering anid isolation betw~een the transmit anid raceive ire-;, quevicy bands. In addition, as a result of this separationp any

,uli~iarjunction effets in the feed or antenna sse 4a can give

rise to 'ntermodulation products that cause transrait band anergy

to appear in the receive frequency band spectrum. The total

j X-band Exequency% rar-4e qives a design bandwidth of

fae 14.27% (5-2)

I Thle ave rage T.av Aength over the X-bhanc freqaenc*:' range ia

Xw,,r(X-band) 1. 5 in. (5,-3)

The Ci signs are also evaluate~d at 4-, comamercial frequency

band- A/6, 11/14, and 20/30 Cliz. Th. _....r±acteriatics of these i
frequent )ands area sumarized in Table 5- 1.

.1A
5.2 BASW AERTURkE DIAMETER, GATN,AN

Figure 5-1 suramarize.- the illumination gain anid beami-

width of a re'7-rence circular aperture antenna svstez; as a fuac-

tion of the 6. rnete r- to-watve length Zatio 'D/X). The gain curves

5-2 I'
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" 'cazespond to 65- aid 100-percent aperture effic.ency. The illu-
mination gain curves do not include feed or reflector rm= suxfce

1_-to lerace losses. In this study two cases at the X-band frequen-
cies are oi part-.cui.ar interest:

a. C 54 dB, (D/X) " 220, and 30 = 0.350; and

b. G 59 dB, (D/X) u' 380, and e0 = 0,180.

Ij The diameter, D, versus D/, at the m!.nimum down-link
',:,:,i i! and maxi.mum, up-link X-band frequencies is sho'.dn in Figure 5-2.

Figure 5-3 shows D versus D/X at the minimum down-link and maxi-
,, mum up-link frequer,,,ies for ,lil the f_equency oands of interest

in the study.

Ij5.3 SYME4T-RICAL 1KBTA FIELD OF vli~w, r 1 SE I G,L AirWND FEED ILLUMINATION ANGLE PARIHETERS

A symmetrical MBTA geometry with a 90* angle between
W the rotation axis and beam pointing direction provides an excel-I. lent starting point for deriving several basic relationships.

Figure 5-4, which is a cross section through the center of the

14BTA, indicates the derivation of the MBTA field of view or scan

range in terms of the width, W, of the reflector aperture. In

i Vthis figure,

a = sin- (5-4)U,, (, 4)

ij4E is half the included angle from the rotation axis to the, edge of

the fccd illuminated area of the reflector and

I:
-TF

s , 4;.
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-'A sin- (5-5)

NIN, is half the included angle from the rotation axis to the edge of

if t1e reflector a<erture. The maximum scan angle is..

0 ia, x - a) sin -  - sin-  (5-6)

:I. ' iThe symmetrical MBTA field of view is then !

FOV sin -  (5-7)

*1FO~ V1581I

( It D

Bigure 5-5 shows tie '£eld of view verss rati of aperture

plane diensions (W/D) for fixed D/R ([normalized radius of

curvature]- ) values.. Spherical aberration phase errors decrease7 ,with a larger radius of curvature (decre-esing D/R), but the field

of view also decreases if W/D remains fixed.

The pdraxial focus of a spherical reflector is defined
as.

asFparaxial 0 5'R (5-9)

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

Using ray optics, the problem is to determine the fee, poz:ition,

F, which is required to provide an a.ially directed ray. The

solution depends upon the rays position in the aperture plane.

5.-9



... , ...........

Multrile Bea in Torus C01SAT Laibs '

~~ u nten a Study

* II
'..P.

10 7
l  

.
: : . . . . . . . . . . . . .. . . . . . . . . . . .. / .J[ : . ..

i71
;' ' " , . i

I 11

Figure 5-5. Symmetrical MLTA Field cf View vs
W/D at Specified RadiiLs of Curvatur- (R/D).

5-1 .0 l:
o, U.



'
i Lab . . a tu dy

NI
IX - f-~~FEED ,,

POSITION

II

-1F
SI '

Tgr 56 "pheical Re _ t

Figure 5-6. or Focusing7I
Tha diotance x = f(a) which provides a Z dixected re-

flected wave fror the spherical reflector is determined by 
I

R= 2x2[I cos (180 - 2a)) 2x2(1 + Cos (2tL) (5-10)

Thus, .4

R T+ s(25

or

95-11
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I Thus, the best fit. focal position for a feed n the spherical

li (  :ar e l c t o r i s 
..

U < 0 . 5 ( 5 1t5 ) L ..

RI

w1here the ex-ct number depnds upon the particular geometry and j

feed edge taper. Thus, for the spherical refleztor,
LIS

The feed illuiiUation half ungte -0- can be detarined from _
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Figure 5-9. The angle to the bottm portion of the t sec-

tion is '

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

~,~.rd + D

02 = tan- L--23)

. i Using the relationship

! I iT
~.F 0. 5R

yields

j 2

L taI d (5-24)

(D/R x d/)-

an-1 ID/ x_(1 +_d D)ii = tan-1 'DR x (I + d/D) (5-25)

Note that diD -0.5 yields the syizretric:al MBTA geometry. The

feed illumination angle is defined as

8.c 2 (0 ) (5-26)

t [ " as Eho n in Figure 5-10.

/ 5-17
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ft 
I t

The feed offset angle, 
6osf, can be defined in two di.f- -"

ferent but useful ways. The first definition is

(%1 +  62) (-7

Fi~u~e51l. eo ~, (1:27) -.

fined to che center of the projected aperture plane as 
shown in

Lka +D/2)

'.-. 5-18
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The increased *space taper" attenuation to the top edge of the

reflector suggests, tlat an angle slightly larger ,than that given

'by equation (5r26) would yield optimum gain. The angle defined 1
"by el-6uption (5-20) i ; closer to optimumd although the differences

are arAal. ]
I? ]

V5.5 EED CHflAACTERISTICS AND MINIMUM BEAM SPACINGS

Th'. minimum spacing between adjacent beams in the

ftont-fed MBTA conf:iguration iS determined by the diameter of

I the feed hrn .

" R-F=R/2

where 
0

-62min tan -I ( ) - -- k.- (5-29)

which can be expressed as

" A amia -- D/'(5-30) ,

TIke required feed horn aperture diameter to wavelength I
ratio (dh/X) is determined from the desired edge of reflector

illumination taper. For a simple circular aperture TE11 mode

fead, the -10-dB L- and H-plane beamwidths are related to the

feed horn diameter as follows:

,j.
5 ZI
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II %E(-l0 dol) 100'(0 (5-31a)

O0jq (-10 d8) 1 30 o(L\ (5-31b)

For corrugated horn feeds,
0 0(-10 dB) •1600 (h (5-32)

Assuming a -10-4B edge illumination with a corrugated

feed horn and a feed illumination ailgle

20f JL6-1'0(_(5-33)I 2o 3°\D/-Xoo :\1

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

7- ' (5-34)

1 1 yields

,Aeallin = 2.3 ip (5-35)

Allowance for different feed types and extra structural matezal

around the feed horn aperture yields

60Amin - (2 - 4 OHP (5-36)

The minimum beam spacing for the front-fed MBTA as a function of

D/X with -10- and -20-dB edge tapers from a corrugated horn is

shown in Figure 5-13.

U 5-231
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The measured conplex radiation patterns of a well-

; designed corrugated horn zare rotationally zyvmetric and pro °,r.de

.ian excellent feed illumination for th%e WiTA. I#," The apertuve

t")

. diameter of the corrugated horn is typicall16y oversized i-clative

to that of a conventional co'nical horn fori a specified teed ilbi-

<- , 't_.-r!inn anale, but the viinlmum beam spac:,ings achieved are c,,-

, ceptable for imost applications.i

i" Measured E- aiid 14-plaiie radiation patterns f'-ir a car-

" " rugated feed hoy.-n at 395 Q.f-z are showrn in Figure 5-14. TheI

'" Gaussian-shaped pattern has virtually no sile, ilch he.1ps

: " 5-24
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The -10-6B1 beamnwidths of . ci ul. thei patternsi Cvfinud
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COW.A L abs " j,,ult4'A e Ton. tr .S

il
5nns S U FAC& I'lrLjJF4A , C tA)S S SS

..he qa. loss atsociatod h"t;h 'XA Fn..r...ace t.l-ance.

c, Teasured noririal to the reflecting iurtce iS ,4Ven byV"

G, 10 1og..:j exp COS --

This equation accounts for an effective tolerance in the beam

I

direction of

IThus, with thesm ras s~urface Lclerance specific'ation, the cain A

loss associated with an offset MBTA is reduced somewhat relative

J rto that for a symetrical MBTA canfiguration, as shown in Fig-

ure 5-16.. The gain loss of an offset MBTA geometry (ecsf = 25 ° )

is shouw in Figure 5-19 -S a function of the n-ms surface toler-

ance, L (mils, in each of the. s.pecified frequency bands.

Program MBTA- 5 calculht the qain loss versus normal-

ized surface tolerance (. ',/) for fixed feed offbet angles. Pro-

gram MBTA-6 calculates the gain loss of' tvi MWXPA veersus .'ms

: surface tolerance, c (mils) , for the fi.::ed feed offset angles.

5 7 MPJ T "4E EATWrt,.XPRESSION. FOR ROTATED

?ii-yure 5-20 shows the coordinate zyst em used to derive
i the rathematical expri .isicn 1,, x,y.y z) = 0 or f(u,v w) = 0 for I'.1

VPTA reflector surface.

5-29
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I ~~PARMBOUC CURVE U-ROAINXS

ROATO AXISx

-- S.

1 8

Fiqus 5-20. Geometry for ?'BTA Reflector Equation

The equation of the parabolic sactiori in the (k-z)

if~: p e.x- +f(x, z) 0. (5-43)

Thle '-ransformations between the (xv,,yz) and (uv,w) coordinates
dre

p1 [sin c Cos I]1*
F 1 01 N r AA%

LoJ (Do 0 sin %JLZ 0

5-32
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0 -Cos

YI IjThe equatl.ion o~lth I aaoi jseriozf expressied in thiC (u-w).j
plane becomes

(u..sin %c w cos DU

- I 4Fu cos

- 4The equation of the rotated curve is generally

2+ -2 Irr) = 5-47)

Iwhere rr is the' radius from the Ua axis [determined from equa-

tion f5-46)). Note that

4rr w f5-48)

when v =0. When (D 90O, the equations are womewhat simplifieS[ to result in

u2 -4Fw-4FR=0 (5-49)

V2 + W2 u2 - 4FRJ' (5-50)

5-3
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T hen, since .Lx.,y,Z P 2 , uv,w) , ..

K . "8 .(, '- . .

f(x, ,z) F9) -I l .( , + z 2 ) l6 R'C z + . (5-SI) 41
Note that thw rotated curve de:criptiqL, is not .quivalent to a

qje: ral s c and-corder 1-o lyncrL a I.

:. or tivi genral angle 4qo asa, the equation of the ,

. reflectur surfase is obtained by using the scme derivatin

procedure, but the rem'ilting equation

f(x,y,z) 0 (general ) (5-52) .

. . comb APERTURE PLMAE SPHERICAL ABERRATION

kPMASE ERRCORS

]Inspection of the aperturc plane phase error character-

. r istics provided a cre-at deal of insight into the P characteris-

tics of the MBTA. in fact, the antenna system focal position

(F/R) as a function of offtet arid D/R is most economlically opti-

mized inspecting the aperture plane phase error magnitudes for
various F/R positions.

First consider the path length differences over the

. aperture of a synetrical spherical section shown in Figure 5-21.

The path length from the feed, F, to the center of the reflector

anC back to the center of the aperture plane is a reference: I

k FO + CF 2F (5-53)

OKi 5-34
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'1 Figure 5-21. symtuetrical Spherical

Reflector Geometry
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The path length to an arbitrary position P on the spherical r&-

flector and back to the aperture plane at A is

i (y) -W + fT (5-54)' j.r
. it i assumed that reflected rays arrive aOrmal tQ the a -erture .

plaue, which is very nearly exact for the. range of geometrical "

parameters ..on. ide'rd IM this study. The equation of the reflec-

tor is

,2 + [z - (R - F)1 2  P2  (5-55)

k t,

F= /y2 + y2 (5-56)

z= R-F - (;5-58)K C

: z ' R- F) A 1 - y ;,-

Thus,

= y 2 + (R F) 2 + (R2 - y2) 2 -R F) C T

R 2 + (p-F)2 - 2(R -F) 4~y 55):

and

PA5= AY' 7 y2 - (P- F) (5-6)

5 ,-3f;
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IThe phase p th length difference between the general and central
xays, =xivaxted into degrees, is

00 ; (OYO) 360a

For the offiset MBT geometry shown in F~igure 5-22 with

40 90*, the path length to, die appr.oximaate -!enter (xo,01O) of

the projected aperture plane,

T k 0 FCA 7 1. (5-62)

1 :is taken as a reference. The equation of the parabolic curve

V ~ section described in a coordinate system centered at F is

-2 4F(z + F) =0 (5-63)

FI4F
and

Ii = IZI = F -;:

L
L 5-37
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77 APERTURE PLANE

1A,
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SPHERIC0AL SECTION

Figure 5-22. Offset p15,TA Reflector Geometry (% =) 90')
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COASA? L4L

,) +

'rhe equation otth sUfali ete. t ,,. C r c

ti + Z (R 112.(S6

RH(A) F (5-69)

L4 I

k -Solingyieds Z(x'y)I =I (x Fx TT 7 (-

j jwhich is the equation of the surface; expressed in dpertuze pl1ar" e

coordinates,

~ The path length to an arbitrary aperture plane location

41 ~x~) = + (-71)

T 7 22 
+ 5+ -(-7"2

Fl and

zA (5-73)

5-39
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% .. To s,

q- .... .

A L I... . . . . .', ., L i. ,

f,
. .. ' "1 " , " ,

+ 477\
•~r " 2,

/The path length dij..-rent e be,.tween the :4prucZef-ec oi

ti~on (xc,0,Ci wid 4r. arbitrary al; r.turu 1Cat&0cn txy,0Y con -

vertced to d4CXeQ bccoe.z-I

H. .. .• ,.

('9~~~~ (LVFR~RD TilL

I Uri

I .fl~rJ'TT 7 KCDF (5-75)

-P/ IR/ 4FtRI R/D]i

I For a generalized feed location (CpZ}measured from the

K parabolic focus,

PC r~P ""( + 4T (5-76)

U. and

'".f 2 Ci rf24 Z-z~ (5-77)

.and the generali'ed expression for thle aperture plane phase error
. becomes

5-40
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iCvi t1 e rnta SC t tu&s

qatn bctutg for F/R between, 0,95 an ' Figture 5-23 also corn-

22 a -t h aperture-" planle pha iJ AiZ-oL calcuilated .U1&i11SAi'sr

GAP Proia. an'd -quaticn (5-73).

'"' /t>. •223 !'Y

,:2" 1 '
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[ SYM. Th194 A).... ! 4
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Il >I a/9 OW :I

* I K %.,FL...tt.. 2; 4 ,, 0j.5j0 ro -

i i c I$!05

Fignre 5-211. Symimetrical MBTA (D/R 0.4)
Gain vs F/R

3 Figure 5-25 shaWS the center of aperture plane phise

errors for an offset MBTA geometry (D/R = 0.4, d/D = 1/S.

- 11 percent) as a function of the feed position (F,/1) . Aga. i. J.n

when feed a.plitude weightings are considered, the maximun gain i

AI 5-43
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I (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, 'O, is slightly different for the antenna geometries

(o = 90 - 93.5*) compared in these two figures. The conclusion,

I which will also be demonstrated later, is that small changes in

¢0 do not markedly affect the aperture plane phase error

I 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

I again demonstrates that the feed positioning (F/R) can be opti-

mized on the basis of a relatively simple aperture phase error

I 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 asynmetrical distribution in x (except at the

I center of the aperture, since the feed is at the focus of the
parabolic section). The effective radius of the curvature is

I 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. I
Hence, the parabolic plane pattern tends to be scanned somewhat

in the (-e) 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.

5
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Maximum gain is then achieved by illuminating only an inner por-

tion of the pi.-'ical apertuce, D. Figure 5-30 shows the cal-

culated gain of the baseline offset MBTA geometry at 30 Gliz as a

function of the -10-dB feed heamwidth. Maximumn gain occurs when

the -10-dB feed illumination angle is 2 x 131 = 26*. If the full

physical aperture is illuminated with a feed illumination angle

of 2 x 210 420, the peak gain is reduced by 0.9 dB.

(.2
AZ N(,,2.i " ' ':i -':4= -----. t -20 . .

CO - 17-,7 -7-,, 0 -K-%,...* ..... it....

611;
4,' A _ , , •. "

Figure 5-30. Gain vs Feed illumination AngleI
at 30 GHz (baseline MBTA)

The full aperture plane phase error distribution for a

D/R 0.5 offset geometry is shown in Figure 5-31. Peak gain

occurs when the -l0-dB feed illumination angle projects to the

5-50, -i
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dashed circular aperture shown in the figure. The average edge

of aperture phase error on the dashed optimum aperture is 2 1200.

The peak gain versus the -10-dB beamwidth is plotted in Fig-
iare 5-32. If the full aperture is illuminated, the peak gain is

reduced by 1.4 dB.

-~J-

1 ft _

...... .... .... .... 1

Figure 5-2s F Illuinato Angl t 30AG--
.. .. 1 . ..61. . 1 .. .. . . . . .I

.. . ... . .,. .. . .;..... . . . . ..

~6 jP ... A+...
.. . . .. . -. . . . . . ....4 -.. .. " --- .. .. i-,. -

-. . 4i- . . . . i .. . . ' '

2 X 4-4

Figure 5-32. Gain vs Feed Illumination Angle at 30 GHz [

(D/R = 0.5 geometry)

The aperture plane phase error expression for an MBTA

with a general 0 angle is derived by using the geometry shown in
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Figure 5-33. The description of the central path length ray O

is identical to the previous restAits derived for the special case

of G - 900 [equation (5-66)). The equation of tbc rotated para-

bolic section is

v2 + w2 - R2 (u) = 0 (5-81)

or

lR
sin si - R2 (u) (5-2 Iy" + -cos @ +sn0 - n0 _, ii

and .,

R(u) =w (5-83)

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

j section:

"x - 4F(z + F) *= (5-84)

or

, (sin -0u - cos, 0 w) 2 - 4F(cos %0u + sin ¢0 w + F) - 0 (5-85)

as the general equatioa of the WisTA rotated. surface.

5-53
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The general aperture plane phase error expression for

arbitrary 40 and feed position (XFYFIzF) relative to the para-

bolic focii referenced to the phase at (xc,O,0) in the aperture

is

y(x,y,O) 360) X - . (b" YF)2  + (Z- ZF 2 +

D 4/ R/ D D

F R (x,/D) 2
- -I)(5-86)

LR D 4F/R R/D
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- I where z ia found trom the reflector burface equation f(x,Y,z)
I £;

5.9 PARABOLIC PLANE SCANNED IAI ?LED POSITIONS

I The aperture plauie phase error expreSsions derived in

the previous subsection can be utilized to determine to a firut

order the feed positions /&xfx,1 zf4) required to scan the para-
bo.ic lanc pattern. Thu bwa of tha phaz orror- at the top and

j bottom~ of the aperture plane in the y -0 (parabolic) plane~ i6i

ecuated to zero:

Err(xf.,zf6) a'p(x = d * D,0,0) i - d,0,0) a 0 (5-87)

A family of (xt2,zf,) feed position5 which sattsfy this equation

-is obtaiMOA rah set -- associated with an absolute phase error

difference across the aperture plane that corresponds to the ,

scanned beam location. If the aperture phase errors at the top

and bottom of the aperture are L,4 and - , respectively, the

scanned beam position is

tan- I  a ) (5-88)

Since the expression for Al is directly proportional to D/X, the

I scanned beam location is independent of frequenc,'.

For small scan angles,

I
A (d.g) 6s (deg) w -

:5-95
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Program MBTA-9 calculates the scanned beam feed 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 corresponding
-- i parabolic 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-

r cludes the effects of feed amplitude weighting. The peak gain as

a function of parabolic plane beam scan is shown ir. Figure 5-35

. for the baseline MBTA. Note that the scan gain loss characteris-

I tic is not symmetrical as a result of differential feed amplitude
weighting effects.

r The space taper amplitude varies differentially with

* scan. The maximum loss at ±2.50 is 2 dB at D/X = 223.

5.10 SPHERICAL GENERATING CURVE MBTA

For applications which require a considerable amount of

scan (or beamwidths of scan) in a plane perpendicular to t 'e 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-

quirement. This constant gain will be lower than the gain

achieved with the parabolic g-.necating c;inre when there is no

scan. In addition, it regrires the reflector diameter to be in-

creased to provide a full aperture illumination with the maximum
scan angles. The geometry of an offset D4BTA using a spherical

generating section with a generating axis angle, o = 90 * is

shown in Figure 5-36.

; ;. 5-56
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The equation of the spherical cross section in the

y =0 plane is

X2 + [z (R -F)] 2 R2  (5-90)

or

z= (R -F) -I X (5-91)

The radius of curvature about the rotation axis, U, is

R(x) = X 2  (5-92)

The general rotated plane curve is described by I
z= (R- F) - VR-2  y2  (5-93)

The path length for a ray from a general feed position (XF,YPZF)

relative to F into the aperture plane (x,y,O) is

Z(x,Y,O) = (x - XF) 2 + (Y YF) 2 + - F) -[(R 2 - - y2

+ $R2 -x 2  y- (R - F) (5-94)

and the aperture plane phase error expression is

(D)y (x,y,0) - 3(x 0,O,0)] (5-95)

(x,y,) 3600  (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 ILLUMI14ATIOIIGI OF FRN-E BTA
The illumination gain of the front-fed offset reflector

MBTA, excluding feed system or reflector rms surface tolerance

losses, is suaarized in Figure 5-39. The gain for a 10-percent

offset (dD = 0.1) and a 93.50 generating a is angle is shown as
a function of D/A for fixed D/R values. Gain incteases as the

radius of cu -atuie increases. Because of edge-of-aperture phase

errors, the tradeoff between peak gain and feed illumination
taper is slower for the STA than for a conventional para-bola.

The aperture illumination gain versus feed edge taper is shown in

Figure 5-40 for the baseline N.fTA 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

Ffeed offset angle, @of, is shown in Figure 5-41 for the baseline
antenna. Variation of 80sf produced no changes in the beam point-

Iing direction. A ±20 variation about the calculated 0 angle

is required before a decrease in gain is noted.

The illumination gain of the baseline 27-ft-diameter
NBTA as a function of frequency from 3.7 to 31 GHz is shown in

Figure 5-42. An li-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

F used in conjunction with Figure 5-34 to determine the minimum

offset distance. In addition, an allowance for the roof of the

i
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[ room housing-the feed/rail structure must be included. TAheD/R

g - 0.4 geometry provides an Optimum 54-dB X-band gain solution for

I207-40. field of view. [The solution is optimum in the sense

O 20-40' n fie o verall reflector area and ratio of reflector

aperture dimensions (W/D) and ultimately cost.]

The relative projected aperture area of the MBTA is

area = WD (5-96)

i I 
-if the corner panels are not rounded. Since II

LI 1 (5-97) 11!i

then

area (7/180) FOV + 1 (5-9G)

-; 2  
- D1 fl

The projected aperture area'5 of the MBTA as a function of D/R

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

given a fixed area and field of view, is

2)(5-99)
S ¢ (/l8Oo)/(D/R)] FOV0 + 11
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