Chapter 6
Feeds for Parabolic Dish Antennas
Paul Wade W1GHZ © 1994,1997,1998,1999

Section 6.4 Horn antenna feeds

Electromagnetic horns were some of the earliest microwave antedysaswe saw in Chapter 2, they
are excellent primary antennas, easily fabricated and reproducibly providing good gain. For higher
gains, parabolic dishes are more compact, but horns are attractive as feed antennas for the same
reasons.

One way to think of a horn is as an impedance transformer, gradually transitioning from the con-
strained impedance of a waveguide to the impedance of free space. We can see this experimentally:
an open waveguide is not matched, with a typical VSWR of perhaps 1.4:1, while almost any horn
provides a better match. The size of the final aperture opening to space determines the gain of the
horn.

6.4.1 Conical hornfeeds

In section 6.3.1, we saw that a cylindrical waveguide, or “coffee-can,” feed works well fof/&mall
reflectors. As the cylinder diameter is increased to provide a larger aperture for narrower beamwidth,
additional waveguide modes can propagate and disturb the radiation pattern. If the diameter is
increased in a gradual flare, like a funnel, we have a conical horn antenna. The gradual flare reduces
the generation of additional waveguide modes and provides a cleaner pattern.

| have seen metal funnels used as small horn antennas for rover stations, but all the funnels manufac-
tured today unfortunately seem to made of plastic. Thus, we must fabricate our own horns. As
illustrated by Figure 6.4-1, theéDL_ANT program makes fabrication a straightforward process:

print a paper template for the flared section, tape it to a piece of copper flashing, cut out the flared
section, roll it to shape, and solder it to a piece of pipe.



Tamplate for 8 dB! anelesl hom for 10988 e As a simple example of a conical horn antenna, |
NEBWT toan took theNEC model for a large W2IMU dual-

Figure6.4-1 mode feed in Figure 6.5-2 and removed the output
section, leaving only the flared section as a conical
horn. | usedNEC2 to calculate the radiation
pattern for this conical horn, with an aperture of
1.88\ and a flare angle of 88yielding the result
shown in Figure 6.4-2. The flared horn has the
same E-plane edge currents, described in section
6.3-1, as the cylindrical waveguide horn, so the
E-plane pattern has a significant sidelobe as a result.
Bestf/D is in the range of 0.7 to 0.8, but the maxi-
mum calculated efficiency is only fair. The phase
center is 0.48 inside the aperture. The dual-mode
version in Figure 6.5-2, which is intended to eliminate the edge currents, has significantly higher
calculated efficiency.

NEC models for conical horns are rather tedious to make, and more complex horns are more difficult,
so | use Physical OpticB.0.) routines from Milligan and DidZor horns. (A description by Rusth
“Physical optics, whereby the free-space dyadic Green’s function is integrated over the geometrical-
optics current distribution, is commonly used to analyze high-frequency reflectors, particularly,
focusing reflectors.”) Figure 6.4-2 also shows the radiation pattern, in green, calculated by P.O. for
the same horn: the forward patterns are almost identical, and the peak sidelobe levels are very close.
The calculated efficiency curves are also very similar. Thus, we can conclude that the two calculation
techniques yield similar results.

For a cylindrical waveguide feed in section 6.3, the lafg@ghat we could illuminate is about 0.4.
The example above is best forfAd of around 0.8; let’s try another example for a more reasonable
f/D. An aperture of 18should provide good illumination for a shallow dish withf @haround

0.55, but how do we estimate the appropriate gradual flare angle? Let’s calculate patterns, using
P.O., for a range of flare angles and see how the pattern is affected.

A small flare angle of 30has the calculated pattern shown in Figure 6.4-3, with the E-plane pattern
narrower than the H-plane. The resulting efficiency is pretty good fdbaaround 0.6, and the
phase center is just inside the aperture.

A large flare angle of 12thas more balanced illumination in the E- and H-planes, as shown in Figure
6.4-4, but a large sidelobe in the E-plane that reduces the efficiency significantfiyDBestround
0.5, with the phase center B.Biside the aperture.

Is there some intermediate flare angle between these two extremes that provides a balanced pattern
without large sidelobes? | calculated patterns for flare angles ofl#&®wvn in Figure 6.4-5, 80

Figure 6.4-6, and 9QFigure 6.4-7, as well as some intermediate angles, without finding any better
compromise, and the phase center moves as the flare angle changes. The edge currents always
adversely affect the E-plane pattern.



Feed Radiation Pattern

Dish diameter =19\ Feed diameter = 1.88 A

Parabolic Dish Efficiency %

Conical horn, 1.88A dia, 58 deg flare, by NEC2 and P.O.
Figure 6.4-2
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Conical horn 1.3\ dia, 30 deg flare, by P.O.
Figure 6.4-3
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Feed Radiation Pattern
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Conical horn 1.3\ dia, 120 deg flare, by P.O.
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Feed Radiation Pattern

0dB

Conical horn 1.3\ dia, 45 deg flare, by P.O.

Figure 6.4-5
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Feed Radiation Pattern
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Conical horn 1.3\ dia, 60 deg flare, by P.O.
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Feed Radiation Pattern
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Conical horn 1.3\ dia, 90 deg flare, by P.O.
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One suggestion, by Kifgs to distort the horn into an elliptical aperture. He reports that an ellipse
1.2 times as long as it is wide, with the narrow dimension parallel to the electric plane, provides a
more balanced pattern. | have not tried this experiment, and it is really difficult to model.

A final example is a feedhorn for a DSS offset dish. The RCA DSS dish uses a corrugated conical
feedhorn — a difficult thing to homebrew. If we calculate the radiation pattern for a plain conical

horn with the same dimensions, an aperture of 1.95 inches and a flare anglenaf &8n compare it

to the corrugated horn pattern. Figure 6.4-8 shows the calculated pattern for the plain conical horn at
10.368 GHz, with a large E-plane sidelobe and mediocre efficiency peaking &iowid.7 to 0.8.

We shall see the corrugated version in section 6.4-3.

In summary, conical horns do not have symmetrical patterns or phase centers, and often have high
sidelobe levels that reduce efficiency. There are better choices for feedhorns.

6.4.2 Rectangular horrfeeds

Rectangular waveguide is an excellent low loss feedline for microwave frequencies. Waveguide
components for C-band and X-band are common surplus items; the WR-90 waveguide is plentiful and
works well at 10 GHz. If we were already using rectangular waveguide, wouldn’t a rectangular horn
be easier than transitioning to circular waveguide for a conical horn?

Like circular waveguide, the simplest horn for rectangular waveguide is just an open-ended
waveguide. | calculated the radiation patterns for an open WR-90 waveguide at 10.368 GHz using
Physical Optics routines. This particular calculation is only accurate for the forward half of the
patterns, so | added published data from Jasikpproximate the backward radiation pattern. Since

the aperture of the open waveguide is much smaller in the E-plane than the H-plane, we would expect
the E-plane pattern to be broader. The composite pattern is shown in Figure 6.4-9 shows this pattern
imbalance. The open waveguide is best suited for very deep disheDvatbund 0.25 to 0.3.

Maximum calculated efficiency is limited by poor front-to-back ratio. The phase illumination is very
uniform, with the phase center at the center of the aperture, so an open waveguide might be a good
choice for experimentally locating the focus of a dish.

| have seen surplus dishes with open waveguide feeds, usually in a bent-waveguide “shepherd’s
crook” arrangement. Some of these dishes are shallower thibD ttamge for which this feed is best
suited. This might be deliberate, to under-illuminate the dish for reduced sidelobes, or it might just be
to minimize size, weight, or cost. So don’'t assume that a feed on a surplus dish is the optimum feed.

Following the same path we took for conical horns, we can add a gradual flare to the waveguide to
increase the aperture. This is, of course, the pyramidal horn described in Chapter 2. One advantage
of the rectangular shape is that we may adjust the two flare angles separately to control the radiation
pattern. As an example, we flare the rectangular waveguide into a square apeiune alsile.

The radiation pattern calculated using P.O. is shown in Figure 6.4-10. Like the pattern produced by
the round aperture of a conical horn, the square horn pattern is asymmetric with a large sidelobe in
the E-plane. The square and rectangular horns also suffer from E-plane edge currents like the coni-
cal and cylindrical horns.



Conical horn like RCA DSS corrugated horn, by P.O.

Figure 6.4-8
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Open WR-90 waveguide asfeed at 10.368 GHz, by P.O & Jask

Figure 6.4-9
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1.3\ square WR-90 horn at 10.368 GHz, by P.O.
Figure 6.4-10
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While we can’t eliminate the edge currents, we can adjust the flare angles to produce a more sym-
metrical pattern. G3RPE has published curirahich allow selection of the optimum E- and

H-plane apertures for a givéfib. TheHDL_ANT program incorporates an approximation to the
G3RPE curves for easy horn design and construction template generation. Figure 6.4-11 shows the
fabrication process: print a paper template for the horn, tape it to a piece of copper flashing, cut it
out, fold on the dotted lines, and

solder it to the end of a waveguide.

The large H-plane dimension of
rectangular waveguide is the mini-
mum horn aperture — as a result,
the minimun¥/D which can be
illuminated with a WR-90 waveguide
is 0.48. A smaller waveguide,
WR-75, also works at 10.368 GHz;
using this, the minimurfiD would be
0.45. A minimum aperture horn with
straight walls in the H-plane but a
flare in the E-plane to make the
pattern symmetrical is called an E-plane sectoral horn.

Thus, rectangular feedhorns are more suitable for shallower dishes. One obvious application is offset-
fed dishes, which typically require a feed suitable for a conventional disiviinound 0.7. | have

had excellent results using a rectangular feedhorn for a DSS offset dish at 10.368 GHz, which |
designed using the G3RPE approximation inHB&_ANT program. In Figure 6.4-12, the radiation
patterns calculated using P.O. show good symmetry and phase uniformity over the illumination angle.
There is a sidelobe in the E-plane pattern, but calculated efficiency is still very good, and measured
efficiency is very high, around 63%. The phase center Asifside the aperture. Not shown are the
patterns in the 45° planes, which are very similar to the planes shown — this horn was a lucky design,
as | was not able to calculate the patterns until much later. Figure 5-6 is a template for this horn.

Another rectangular feedhorn for a DSS dish, using WR-137 waveguide at 5.76 GHz, is illustrated in
Figure 6.4-13. When | designed this horn, | was able to calculate the patterns and adjust the horn
length for good phase performance and minimum sidelobes. Success is shown by the calculated
patterns — clean and symmetrical, with very good calculated efficiency. Measured efficiency is also
very good.

Most surplus horns are optimized for gain rather than pattern symmetry, so they often fall short as
feedhorns. | have found one notable exception, a small WR-90 horn of unknown provenance. The
aperture measures 50 mm x 31 mm, and the length of the flare section is 43 mm. The radiation
patterns calculated using P.O. are shown in Figure 6.4-14, as well as measured amplitude patterns
shown in green. Correlation is pretty good for a backyard antenna range. Calculated efficiency is very
high forf/D around 0.6 to 0.7, and phase is quite uniform over the illumination angle, with the phase
center 0.12 inside the aperture.



WR-90 rect. feedhorn for DSS offset dish at 10.368 GHz, by P.O.
Figure 6.4-12
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WR-137 rect. feedhorn for DSS offset dish at 5.76 GHz, by P.O.

Figure 6.4-13
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Feed Radiation Pattern

Dish diameter = 15.8 A Feed diameter = 0.5 A
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WR-90 surplusrectangular horn at 10.368 GHz, by P.O.
Figure 6.4-14
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My attempt to adjust the dimensions of a horn fg
a cardioid pattern are described in section 6.1,
with the final result shown in Figure 6.1-14. For
very deep dishes, the calculated efficiency is
slightly higher than the open waveguide of Figurg
6.4-9, but there is no experimental verification.

The flexibility provided by the rectangular horn of
adjusting the two planes separately may be use(
advantage in feeding odd-shaped dishes. One
intriguing one is an oblong DSS dish, much wide
than it is high, and usually marked “Primestar.”
NY2US kindly provided a used one for me to
examine. | took surface measurements and use
the curve-fitting routine iHDL_ANT version 3

to estimate the focal point and illumination angle
My estimate is that the focal length is 525 mm,
with the feed in front of the notch for the feed
support. Estimated illumination angles aré 66
the vertical direction, for an equivald/b of 0.8,
and 88 in the wider horizontal direction, for an
equivalent/D of 0.65. Fortunately, for horizontal
polarization, the asymmetry is in the same direcH
tion as rectangular waveguide. | used the G3R}
approximations itHDL_ANT to select aperture
dimensions of 1 X in the H-plane and 1A0n the
E-plane. Using these dimensions, | calculated
radiation patterns using P.O. for different horn

-

Horn physical dimensions

\L*4

Most antenna books discuss rectangu-
lar horns in terms of flare angles.
After finding patterns, etc., they then
go into a convoluted procedure to see
| 1 the horn is physically realizable.

I A better approach is to define a horn
in terms of aperture dimensions and
horn axial length, from waveguide
attach to aperture. The physical
pyramid is defined in three-dimen-
sional space by eight points, the four
corners of the aperture and the four
corners of the waveguide. Thus we
know a priori that the horn is physi-
cally realizable and worth doing calcu-
lations on. Calculating flare angles
from the dimensions is a trivial part of
)Ethe pattern calculations.

Conical horns are much simpler.
Aperture diameter plus either length or
flare angle completely define the horn.

d

)

flare lengths. A length ofRyields pleasing

radiation patterns, shown in Figure 6.4-15. The

E-plane pattern is wider than the H-plane, to suit the oblong dish, and phase is flat over the respective
illumination angles, with phase center ‘\G8side the aperture. Calculated efficiency is very good

— efficiency for the oblong reflector should be in

the same ballpark. | have not yet tried this feedhorn, but anticipate building and testing one in the

over the 0.65 to 0.BD range for a round reflector

near future.

In summary, the dimensions of a rectangular feedhorn may be adjusted for good performance for a
range of shallower dishes. They are easy to construct with very reproducible performance. Excellent

performance has been demonstrated as a feed for a DSS offset dish.




WR-90 horn for Primestar oblong offset dish, by P.O.
Figure 6.4-15
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6.4.3 Corrugated hornfeeds

The corrugated horn was first describbg Simmons and Kay, who called it a “Scalar” feed, because

it has the same performance in all polarizations. The idea is to eliminate the E-plane edge currents in
the rim of the horn by adding slots or grooves perpendicular to the wall of the horn: “If the grooves
are made deep enough so that the surface reactance is capacitive, surface waves cannot be sup-
ported.” The required deptls greater thain/4 and less thah/2.

The polarization-independent properties of the corrugated wall permit propagation of hybriéPmodes
a hybrid of TE and TM modes; when the hybrid modes are balanced, the radiation patterns become
very symmetrical.

A corrugated horn can operate over a wide frequency range with good perfofiremaay surplus

horn we might find has potential. We would expect good performance at any frequency where the
slots meet the depth requirements described above. Of course, the input waveguide must be large
enough to support propagation, so the wavelength must be less than 1.706 times the diameter.

The original corrugated horns had the slots perpendicular to t  Figure6.4-17
horn walls, as shown in the lower sketch in Figure 6.4-16. ' '
Manufactured versions have the slots parallel to the waveguid
wall, like the upper sketch, to allow rapid machining. Anyone
who has used a lathe can appreciate why the upper version ig
easier. Two modern corrugated horns are shown in Figure

6.4-17: the lower one was sold by Chaparral as an “11 GHz

offset feed,” while the unmarked one at the top was found at «
hamfest. Both horns appear to have been die-cast to shape |
aluminum, with no further machining operations.

While most corrugated horns are conical, pyramidal corrugate
horns have also been described. The corrugations can elimi
the E-plane edge currents and resultant E-plane sidelobes, b
there is no easy way to fabricate these horns.

A popular application for corrugated horn feeds is the DSS
offset-fed dishes. The corrugated wall enables good perfor-
mance over a reasonable bandwidth, and the scalar property
enables operation using multiple polarities or circular polarization without performance degradation.

Chaparral

WI1RIL has successfully separated the RCA DSS feed from the LNB assembly and modified it for
10 GHz operation, with excellent measured sun-noise performance. | used the horn dimensions he
provided to calculate radiation patterns at 10.368 GHz. The results, shown in Figure 6.4-18, are a
very clean pattern with flat phase and a phase centex @de the aperture. Calculated efficiency

is very high, peaking in the 0.6 to G/D range suitable for the DSS offset dish. The slots are deeper
thanA/4 at 10.368 GHz, so the horn still works well even though it was intended for the higher
frequency DSS band.
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RCA DSS corrugated horn, 1.95" aperture, 58 deg flare, by P.O.
Figure 6.4-18
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For comparison, we previously considered a plain conical horn with the same
dimensions, in Figure 6.4-8. The corrugated version has significantly higher calculated
dish efficiency, or adish gain aimost adB higher. However, the rectangular feedhorn for
the DSS dish, in Figure 6.4-12, has a calculated efficiency only 1% lower than the
corrugated feedhorn. The rectangular horn does have E-plane sidelobes that could add
noisein a satellite application, so | would expect the corrugated horn to have a dlightly
larger G/T advantage as well as wider bandwidth. However, for terrestrial 10 GHz
communications, the corrugated and rectangular horns should provide amost identical
performance feeding a DSS dish.

The Chaparral 11 GHz offset feed, the lower onein Figure 6.4-17, has dlotslessthan | /4
deep at 10.368 GHz, so edge currents are not completely eliminated. To see the effect of
dot depth, | calculated radiation patterns at 12 GHz, where the slots are deeper than | /4,
aswell asat 10.368 GHz. The 12 GHz patterns calculated using P.O. are shown in
Figure 6.4-19, with clean, symmetrical patterns and good efficiency peaking at f/D
around 0.6. At 10.368 GHz, the calculated patternsin Figure 6.4-20 show some
asymmetry and E-plane sidelobes, and the calculated efficiency is reduced a bit due to
phase error. On the other hand, the measured patterns, shown in green in Figure 6.4-20,
are more symmetrical — perhaps the effective depth of the slanted sotsis greater than
the dot wall dimension shown in Figure 6.4-16. At both frequencies, the phase center is
about 1.2| inside the aperture.

The upper corrugated horn in Figure 6.4-17 has deeper slots, more than | /4 at 10.368
GHz. However, the waveguide diameter was too small for my circular waveguide (3/4”
copper pipe), but the aluminum wall was thick, so | bored it out on alathe to fit over the
pipe. The calculated radiation patterns, in Figure 6.4-21, show good symmetry and no
significant sidelobes. Calculated efficiency is good, but best f/D is around 0.55, so the
pattern is rather broad for an offset dish. Phase center isabout 1.1l inside the aperture.

| measured the efficiency of these last two corrugated horns at 10.368 GHz using sun
noise. On a0.85 meter offset dish requiring illumination equivalent to f/D = 0.7, both
horns exhibited efficiency several percentage points lower than the rectangular horn
offset feed in Figure 6.4-11 and 6.4-12. Thisis not unexpected — we saw in Figure
6.4-20 that the Chaparral offset feed suffers slightly in comparison to the 12 GHz
performance in Figure 6.4-19.



Chaparral offset feed at 12 GHz, 2.59" dia, 90 deg flare, by P.O.
Figure 6.4-19
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Chaparral 11GHz offset feed at 10.368 GHz, 2.59", 90 deg, by P.O.
Figure 6.4-20
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Corrugated horn, 2.3\ dia, 96 deg flare, at 10.368 GHz, by P.O.
Figure 6.4-21
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These last two corrugated feedhorns have rather wide flare angles, around 90° full flare
angle. | obtained another corrugated feedhorn with a much narrower flare, about 47° full
flare angle, and an aperture of 1.9 inches. Thisfeed isintended to feed a 0.8 meter offset
dish with f/D = 0.8 equivalent illumination, narrower than any other offset dish | have
seen. | modeled the feedhorn at 12 GHz, with the results plotted in Figure 6.4-22: the
calculated efficiency is excellent for f/D around 0.8, and better than for any of the
previous corrugated horns. However, the calculated efficiency at 10.368 GHz, shown in
Figure 6.4-23, peaks at f/D around 0.65 and falls off for f/D = 0.8. Thisfeed is probably
better for normal offset dishes at 10 GHz, assuming that the corrugations are deep
enough. Sun noise measurements at 10.368 GHz on the 0.8 meter dish are consistent
with the calculations: efficiency is around 55%, significantly lower than a W2IMU
dual-mode feed designed for f/D = 0.8 which we will seein Section 6.5

A corrugated horn may be almost any size, from a corrugated cylindrical waveguide'® to
alarge horn. VK2ALU was able to obtain a shaped-reflector dish 3.7 meters in diameter
with a Gregorian-style feed, with a concave subreflector, but without the feedhorn. The
curvature of the shaped reflectors deviates from the normal parabolic main reflector and
eliptica subreflector to achieve higher efficiency. Since we do not know the exact
curvature, it isdifficult to design afeedhorn. However, Lyle was able to locate the
corrugated feedhorn dimensions, 140 mm in diameter with a 30° flare angle, and asked
me to calculate the feedhorn patterns so that he could design a 10 GHz feed to provide a
similar illumination pattern. The original feed was intended for 11 to 14 GHz, so |
calculated patterns at 12 GHz, shown in Figure 6.4-24. As expected, the pattern is very
narrow, with =10 dB illumination angles of 28° in the E-plane and 26° in the H-plane.
There are small sidelobes in the E-plane, but not significant since they are more than 20
dB down. The phase center is more than 61 inside the aperture, as shown in Figure
6.4-25. The calculated efficiency is best for f/D around 1.5 to 2, for a conventional dish.

In summary, corrugated horns have good patterns over a wide frequency range and can
provide excellent performance as feedhorns. Fabrication could be difficult, but the wide
bandwidth capability makes it possible to make use of one intended for another
frequency.



Corrugated horn for offset disn f/D=0.8 at 12 GHz, by P.O.
Figure 6.4-22
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Corrugated horn for offset dish f/D=0.8 at 10.368 GHz, by P.O.

Figure 6.4-23
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Andrew corrugated feedhorn for Gregorian at 12 GHz, by P.O.
Figure 6.5-24
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Andrew corrugated feedhorn for Gregorian at 12 GHz, by P.O.

Figure 6.4-25
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