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This memo discusses some aspects of the proposed GBT optics.
Because I was unfamiliar with many of the practical consequences
of the various tradeoffs, I set out to determine the necessary
design equations and to investigate some options.

The design equations for cassegrain optics are summarized
neatly in Figure 3.33 of the boock "Handbook of Antenna Design,
Volume 1", edited by Rudge and others. For convenience, this is
reproduced in Figure 1. From an engineering viewpoint, the
parameters to be considered are the primary F/D ratio (D being
fixed at 100 m), the subreflector diameter (d), and the subtended
half-angle of the subreflector from the secondary focal point
(a). Once these three parameters are set, the impact on the
other parameters (such as the height above the parabola vertex of
the secondary focus, F—f) must be considered.

The primary F/D ratio has received much discussion. For
these calculations, 1 accepted what appeared to be the concensus
that 0.42 is nrnear the minimum for acceptable field-of-view and
efficiency from the prime focus. We have more freedom with the
subreflector diameter; I considered the range 8 to 12 meters.
The subtended angle of the subreflector has serious impact on the
feed design and the length of the secondary focus (f). Too small
an angle results in exceedingly large feeds; too large moves the
secondary focus far above the vertex. Therefore, we need to
determine the impact of this angle on the feed design.

A concise description of the design process for corrugated
horns is contained in a paper by Bruce Thomas of the CSIRO,
Division of Radiophysics, IEEE Transactions Antermas and
Propogation, AP—-26, March 1978, pp 367-372. Figures from this
paper showing the geometry and design charts, and my summary of
the design steps, are given in Figure 2. It should be realized
that the use of these design steps will result in very
approximate feed sizes, but I think appropriate for the immediate
purpose of evaluating the impact of the optics configuration on
the feed design. These feeds generally fall into two classes,
depending on the value of DEL, the difference in wavelengths



between a spherical wave emanating from the feed cone apex and
the aperture plane. Small values of DEL (less than about 0.4%)
result in smaller apertures but the feed performance is
relatively narrow-band. Large values of DEL (greater than about
0.75) result in larger apertures but wide—-band performance.
Figures 3 and 4 illustrate how the aperture and length of these
horns rapidly increase as the beam angle grows small. The
aperture is proportional to 1/sin(theta #*); the 1length is
approximately proportional to 1/sint (theta *).

These design equations have been placed into a 1-2-3
spreadsheet. Figure 5 shows the output of this spreadsheet for
the optics contained in the draft GBT Proposal (a=5.74, D=100,
d=8, F/D=0.42). The results calculated by the spreadsheet for
these particular inputs show that the vertex to secondary focus
(F—-f) is ©0.04 M, and the central blockage efficiency for the 8 m
subreflector blockage is 0.99 (Ecentra1=(1-A./E;: )%, illumination
efficiency E; taken to be 0.87). The spreadsheet then uses the
equations of Figure 2 to calculate representative sizes for both
narrow—band and wide-band horns that result from the value of
feed half-beam angle selected. {NOTE: The length of the narrow-
band horns using the equations of Figure 2 are actually longer
than that tabulated in the spreadsheet, which are 85% of the
calculated value. I assumed that we could achieve this
shortening by using a bell shaped profile (compact horn) similar
to the L-Band VLBA horn design.) The DEL values shown in Figure
S are similar to the 140-foot wideband haorns (0.75), and the
narrow—band VLBA horns (0.20). For reference, the subtended
half-angle of the 140-foot subreflector is 7.14 degrees; that of
the VLBA subreflector is 13.3 degrees.

The feed sizes tabulated in Figure S are shown graphically
in Figure 6. They are quite intimidating (the stick men are six
feet tall). Even a 3cm feed is almost ten feet long. This
figure also illustrates another consideration; the phase center
of the wide—-band horns tends to be near the throat (the small
end), while that of the narrow-band tends to be near the
aperture. The phase center must coincide with the secondary
focus (represented by the horizontal dashed 1lines). If we
attempt to place large wide-band horns on say a turret, then
shadowing will be quite a problem.

If we allow the secondary focus to move above the vertex,
the feed beam angle will increase. Figures 7 and 8 illustrate
the situation if the secondary focus is 3 m above the vertex; the
beam angle increases to 6.20 degrees. The feed diameters are
about 7% smaller than those of Figure Sj; the lengths are about
144 less.

Let us now increase the subreflector size from 8 to 10 m,
and keep the secondary focus 3 m above the vertex. Figure 9 and

10 illustrates this case. The feed beam angle increases to 7.85

2



degrees. The feed diameters are about 27% smaller than those of
Figure Sj; the lengths are about 47% less. Figures 11 and 12
illustrate what happens if we further increase the subreflector
diameter to 12 m. The feed beam angle increases to 9.55 degrees.
Note that the central blockage efficiency is now down to 0.97.
The feed diameters are now about 40% smaller than those of Figure
S; the lengths are about 64% less. In order to reach a feed beam
angle of 13.3 degrees so that the feed sizes are similar to those
of the VLBA, the subreflector must be increased to 16.3 wm, or the
secondary focus moved to 13 m above the vertex with a 12 m
subreflector.

We obviously must arrive at some 1limit on the largest feed
that we want to build in order to tie things down. To my
knowledge, the VLBA L~band horn is the largest we have built to
date, with a 1.2 m aperture and about 4 m long. The largest NRAO
lathe can swing about 1 m, but of course larger lathes are
available in ocutside shops. If the largest feed is mounted on a
turret, then it must be less than about one-fourth to one—third
of the subreflector diameter so that it can be rotated off axis,
stay within the subreflector shadow, and allow room for other
feeds on the turret. This sets an upper 1limit of 2-3 m for the
feed aperture, which I think is much larger than we want to try
to accomcodate. (Remember that the length to aperture radius
ratio is i1/sin(theta f).) Let us for the moment consider what we
can accomplish with limits of 1 m on diameter and 4 m on length.
With the design of Figure 11 (12 m subreflector), a narrow—band
13 cm feed will fit into these limits. With the design of Figure
9 (10 m subreflector), a narrow—band 9 cm feed just fits.

In the range 2-15 GHz, the following frequencies currently
receive the most interest:

2. 1-2.4 GHz VLBI, Geodesy and astrometry with 8 GH=z
2. 69-2.70 GHz Protected continuum band

2.9-3.4 GHz CH

4.6-95.1 GHz VLBI, H.CO, OH

6.0 GHz OH

7.3-8.8 GHz CH, ?*H+*, VLBI

10-13.5 GH=z OH, CeS, CH;0H, SO, Protected at 10.7
14.4-15.4 BGHz VLBI, H.CO



It seems to me that we must develop some quick (preferrably
automated) means to switch between receivers at prime and
cassegrain focus. If we can do that, then 1 suggest the
following receiver configurations in this frequency range, taking
advantage of VLBA receiver designs where possible.

Ry 1: S/X (2.1-2.4/8.0-8.8) at Prime Focus, circular
polarization.

Rx 2: 2.9-3.4 GBHz at Prime Focus, circular or linear
polarization.

Rx 3: 4.6-5.1 GHz VLBA design at Cass. with narrow—band
horn.

Rx 4: 9.7-8.0 GHz at Cass. with wide—band horn

Rx 5: 8.0-8.8 GHz VLBA design at Cass. This band

covered with Rx 1, but dual frequency feed will
have higher noise and lower efficiency that what
could be achieved with corrugated horn.

Rx 6: 8.8-12.3 GHz at Cass. with wide-—-band horn
Rx &: 14.4-15.4 GHz VLBAR design at Cass.

Rx 1 could be the existing USNO design that we have just
finished. The VLBA design with Atlantic Microwave polarizers and
narrow—band corrugated horns are used for receivers 3, 5, and 7.
The bandwidths of the other receivers are 1.4:1, achievable with
the wide—-band horns and quadridged linear OMT’s. With the design
of Figure 7, the 5.7-8.0 GHz horn can just be squeezed into our 1
m X 4 m limit.

However, we should 1leave the feed designers with as much
margin as possible. Remember that my examples were for 13 dR
edge taper; in practice we will probably want more taper which
will make the feeds larger. In additiony; other values of DEL
might be rneeded to achieve higher efficiency, oy perhaps multi—
mode horns will be considered in the future. And don't forget
the need for multiple feeds. Therefore, I suggest that a
compromise similar to Figure 9 or 11 be adopted, keeping the
subreflector subtended half-angle at about 8 degrees or higher.
If it is decided that we must keep open the possibility to do 21
cm work from the cassegrain (perhaps because we can’t figure out
how to switch quickly from cassegrain to prime focus), then the
optics should be designed to get this half-angle above 10
degrees.

It should be pointed out that an unblocked antenna design

simplifies some of these trade-offs, for two reasons. First,
since the subreflector is out of the aperture, it can be made
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larger. Second, the secondary focal point can be moved up the
support arm, closer to the subreflector. For example, Figure 13
shows an unblocked design with a feed angle of 9.6 degrees. The
asymmetric design hurts us in one way: the subreflector rim is
not circular, and the feed beam must be tight enough to properly
illuminate the smaller dimension. 5till, the unblocked design
has more degrees of freedom, and it seems that moving the
subreflector out of the way for prime focus operation would be
much simpler since we need not worry about the blockage.



HANDBOOK OF ANTENNA DESIGN, VOL. I, Rudge, et al.

Quasi-optical antenna design 163

e amplitude and phase control of the aperture illumination by subreflector
shaping

e spillover past the subreflector is directed toward a cold sky

low spillover past the paraboloid toward the ground for high elevation angles

¢ large depth of focus and field of view.

Some disadvantages are also apparent:

e greater blockage, particularly in small antennas (less than 100 wavelength
apertures)

e higher sidelobes near the main beam

e not readily adaptable to use of poorly directional, frequency independent feeds

feeds
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FIGURE 1

Cassegrain Optics Design



Figures taken from Thomas, AP-26, p. 367f. §* = Subtended half angle of reflector.
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Fig. 2. Nommalized radiation patterns for narrow-band corsugated ti 6,
horns where @ is radiation angle relative to axial dircction.

Normalized radiation patterns for wide-band corrugated horns
with 0 < 70°.

"Narrowband" "Wideband"

1) Select A < 0.4 1) Select A = 0.75

2) Select K; from Fig. 2 2) Select ¢*/f8, from Fig. 6
for desired edge taper-- for desired edge taper.
e.g., Kg = 4 for ~ 13 dB. From this calculate ;.

Calculate:

T
3) From geometry, 3) Then
A
8 = 2 tan™’ (9_);) a/x = 5
a tan T
and and
R R/)\ . a
a = 2
] __a_ 3
A A sin 0¢ sin 6.

FIGURE 2
Corrugated Horns
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CASSEGRAIN OPTICS DESIGN REF: HANDBOOK OF ANT. DESIGN, pl163
REF: THOMAS, AP-26, p367

INPUTS:
FEED HALF BEAM ANGLE, a S5.74 = 0. 10 RADIANS
REFLECTOR DIAMETER, D 100. 00
SUB-REFLECTOR DIR, d 8. 00
REFLECTOR F/D 0. 42
RESULTS:
REFLECTDR FOCAL LENGTH, F 42.00
REFLECTOR HALF-ANGLE, phi0 1.07 = 61.53 DEGREES
HYPERBOLOID FOCAL LENGTH, f 41.36
MAGNIFICATION, M 11.87
HYPERBOLOID ECCENTRICITY, e 1.18
HYPERBOLOID LOCATION, p 3.826
VERTEX TO FEED PHASE CENTER 0. 04 = 0.12 FEET
CENTRAL BLOCKAGE EFFICIENCY 0.93
EFFECTIVE SECONDARY F/D 4.99
Representative Feed Sizes, Wide—band Corrugated Horns
Spherical Phase Error, DEL = 0.75
THETR * / THETR f = 0. 80
Flare Angle, THETA f = 0.13 = 7.18 DEGREES
FEED DIR /7 LAMBDR = 23.93
FEED LENGTH / LAMBDA = 35.78

LAMBDA, cm DIA,M LENGTH, M

3 Q.72 2.9
6 1. 44 S.7
9 2. 15 8.6
13 3. 11 12.5
20 4.79 19.2
Representative Feed Sizes, Narrow-band Compact Cerrugated Horns
Spherical Phase Error, DEL = 0.20
Ke = 4.00
Flare Angle, THETA f = 0.06 = 3. 60 DEGREES
FEED DIA / LAMBDA = 12.73
FEED LENGTH / LAMBDA = 86. 18

LAMEDA,cm DIA,M LENGTH, M

3 0. 38 2.6
6 0.76 9.2
9 1.15 7.8
13 1.65 11.2
20 2. 95 17.2

FIGURE 5
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S5.74° — BEAMANGLE

SIZES FOR 3, 6,
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WIDE
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CASSEGRAIN OPTICS DESIGN REF: HANDBOOK OF ANT. DESIGN, p163
REF: THOMAS, AP-26, p367

INPUTS:

FEED HALF BERM ANGLE, a 6.20 = 0.11 RADIANS
REFLECTOR DIAMETER, D 100.00

SUB-REFLECTOR DIA, d 8.00

REFLECTOR F/D 0. 42

RESULTS:

REFLECTOR FOCAL LENGTH, F 42,00

REFLECTOR HALF-ANGLE, phiO 1.07 = 61.53 DEGREES
HYPERBOLOID FOCAL LENGTH, f 38.99

MAGNIFICATION, ™ 10,99

HYPERBOLOID ECCENTRICITY, e 1.20

HYPERBOLOID LOCATION, p 3.85

VERTEX TO FEED PHASE CENTER 3. 01 = 3.88 FEET
CENTRAL BLOCKAGE EFFICIENCY 0.99

EFFECTIVE SECONDARY F/D 4. 62

Representative Feed Sizes, Wide-band Corrugated Horns
Spherical Phase Error, DEL = 0.75

THETA ¥ / THETA f = 0. 80

Flare Angle, THETA f = 0.14 = 7.75 DEGREES
FEED DIR / LAMBDA = 22. 15

FEED LENGTH / LAMBDA = 82.11

LAMBDA,cm DIA,M LENGTH, M

3 0. 66 2.5
6 1,33 4.9
9 1.99 7.4
13 2. 88 10.7
20 4.43 16. 4

Representative Feed Sizes, Narrow-band Compact Ccrrugated Horns

Spherical Phase Error, DEL = 0.20
Ke = 4.00
Flare Angle, THETA f = 0.07 = 3.89 DEGREES
FEED DIA / LAMBDA = 11,79
FEED LENGTH / LAMBDA = 73.92

LAMBDA, cm DIA,M LENGTH,M

3 0.35 2.2
6 0.71 4. 4
9 1.06 6.7
13 1.533 9.6
20 2. 36 14.8

FIGURE 7
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6.20° — BEAMANGLE
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CASSEGRAIN OPTICS DESIGN REF: HANDBOOK OF ANT. DESIGN, p163
REF: THOMAS, AP-26, p367

INPUTS:

FEED HALF BERAM ANGLE, a 7.85 = 0. 14 RADIANS
REFLECTOR DIAMETER, D 100. 00

SUB—-REFLECTOR DIA, d 10.00

REFLECTOR F/D 0.42

RESULTS:

REFLECTOR FOCAL LENGTH, F 42.00

REFLECTOR HALF-ANGLE, phi® 1.07 = 61.53 DEGREES
HYPERBOLOID FOCAL LENGTH, f 38.98

MAGNIFICATION, M 8.68

HYPERBOLDID ECCENTRICITY, e 1.26

HYPERBOLOID LOCATION, p 4.03

VERTEX TO FEED PHASE CENTER 3. 02 = 9.92 FEET
CENTRAL BLOCKAGE EFFICIENCY 0.98

EFFECTIVE SECONDARY F/D 3. 64

Representative Feed Sizes, Wide—-band Corrugated Horns

Spherical Phase Error, DEL = 0.75
THETAR # / THETA f = 0. 80
Flare Angle, THETA f = 0.17 = 9.81 DEGREES
FEED DIAR / LAMBDA = 17. 47
FEED LENGTH / LAMBDA = 51.27

LAMBDA,cra  DIA,M LENGTH, M

3 0.52 1.5
6 1.05 3.1
9 1.57 4.6
13 2.a7 6.7
20 3. 49 10.3

Representative Feed Sizes, Narrow-band Compact Ccrrugated Horns

Spherical Phase Error, DEL = 0.20
Ke = 4.00
Flare Angle, THETA f = 0.09 = 4.31 DEGREES
FEED DIAR / LAMBDA = 9. 32
FEED LENGTH / LAMBDA = 46.25

LAMBDA,cm DIA,M LENGTH,M

3 0.28 1.4
6 0.356 2.8
9 0. 84 4.2
13 1.21 6.0
20 1.86 9.3

FIGURE 9
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CASSEGRAIN OPTICS DESIGN REF: HANDBOOK OF ANT. DESIGN, pi63
REF: THOMAS, AP-26, p367

INPUTS:

FEED HALF BEAM ANGLE, a 9.55 = 0.17 RADIANS
REFLECTOR DIAMETER, D 100,00

SUB-REFLECTOR DIR, d 12.00

REFLECTOR F/D 0. 42

RESULTS:

REFLECTOR FOCAL LENGTH, F 42. 00

REFLECTOR HALF-ANGLE, phiQ 1.07 = 61.53 DEGREES
HYPERBOLOID FOCAL LENGTH, f 38. 92

MAGNIFICATION, M 7.13

HYPERBOLOID ECCENTRICITY, e 1.33

HYPERBOLOID LOCATION, p 4.79

VERTEX TO FEED PHASE CENTER 3.08 = 10.11 FEET
CENTRAL BLOCKAGE EFFICIENCY 0.97

EFFECTIVE SECONDARY F/D 2.99

Representative Feed Sizes, Wide-band Corrugated Horns

Spherical Phase Error, DEL = 0.73
THETA # / THETAR f = 0. 80
Flare Angle, THETA f = 0.21 = 11.94 DEGREES
FEED DIA / LAMBDA = 14.35
FEED LENGTH / LAMBDA = 34.68

LAMBDA,cm DIA,M LENGTH,M

3 0. 43 1.0
6 0. 86 2.1
9 1.29 3.1
13 1.87 4.5
20 2. 87 6.9

Representative Feed Sizes, Narrow-band Compact Corrugated Horns

Spherical Phase Error, DEL = 0.20
Ke = 4.00
Flare Angle, THETA f = 0.10 = S.97 DEGREES
FEED DIAR / LAMBDA = 7.67
FEED LENGTH / LAMEDA = 31.37

LAMBDA, cm  DIA,M LENGTH, M

3 0.23 0.9
6 0. 46 1.9
9 0.69 2.8
13 1.00 4.1
20 1.53 6.3

FIGURE 11
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MAIN REFLECTOR 112 X 100

’K SUBREFLECTOR 10.8 X 8.8
°
‘® 13 ecm FEED
HALF BEAM ANGLE 9.6°
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FIGURE 13



