Chapter 6

Feeds for Parabolic Dish Antennas
Paul Wade W1GHZ © 1998,1999

Section 6.1 Phase and Phase Center

The antenna computer analysis that | have seen has only considered the amplitude of the radiated
pattern. For instance, Chapter 11 covers the analysis of parabolic dish feeds, using the amplitude
pattern for analysis. While | was doing this analysis, a nagging voice in my head kept saying, “What
about the phase?”

While measurement of the phase pattern of an antenna is extremely difficult, calculation of an antenna
pattern with both amplitude and phase is much easier. With today’s fast personal computers, it is
possible to calculate the radiation pattern of most common feed antennas, including both amplitude
and phase. Chapter 12 describes how | calculate radiation patterns and extract the phase information
for analysis.

The personal computer is also valuable in helping us to understand the radiation pattern data, by
transforming it into a graphical format so that we may visually comprehend the result. These plots
make it possible to quickly see not only the radiation pattern of a feed antenna, but also how a dish
will perform with the feed.

The results of these calculations and plots show that most of the feed antennas in common use have
good phase performance. Another result is that the phase center of each feed may be calculated, so
that the feed may be accurately located with its phase center at the focus of a parabolic dish, an
essential ingredient for good dish performance.

6.1.1 Phase

For a parabolic dish antenna to good perform well, the feed must provide good illumination to the
reflector, as we saw in Chapter 4; Figure 4-5 illustrates dish illumination. The illumination energy
leaving the feed must not only have good amplitude characteristics, but also must all have the same
phase. Energy that is out of phase can subtract from the total radiated power, so that the effect is
worse than energy which is simply lost, such as spillover which misses the reflector. Figure 1-2 in



Chapter 1 illustrates phase cancellation: a, b, and c illustrate two in-phase signals adding, two out-of-
phase signals canceling, and partial cancellation when two signals are partially out-of-phase. Figure
1-2d shows the uniform amplitude around a single-source antenna, while 1-2e shows the interference
pattern created by having two sources; the lighter areas are directions where there is little radiated
energy due to phase cancellation. A feed whose radiation does not all have the same phase will
appear to have multiple sources which may produce an interference pattern when illuminating a dish,
thus reducing the effective radiation illuminating the dish.

It is possible to measure the phase of an antenna pattern as well as the amplitude, perhaps by using at
Automatic Network Analyzer. Since only the relative phase is important, it might even be possible to
make the measurement manually using phase cancellation techniques; it would definitely be tedious.
However, it is extremely difficult to make the phase measurement accurately — Byggasts

making the measurement several times around different centers of rotation, attempting to bracket the
phase center.

Calculation of an antenna pattern with both amplitude and phase is much easier, as we shall see in
Chapter 12. While measurement of the phase pattern of an antenna is extremely difficult, it is impos-
sible to calculate an antenna pattern without using phase — the electromagnetic field is described
using complex vectors, which have both magnitude and phase. Once we have calculated the phase,
why not extract it and make use of it? An antenna radiation pattern may be calculated using a per-
sonal computer with a fast Pentium™ or even faster Alpha™ microprocessor in a few minutes — a
few years ago it would have taken longer even on a supercomputer, and at a prohibitive cost.

| have used two techniques to calculate antenna patterns. The first, for wire-like antennas and simple
horns, uses thEC2 prograni which uses the method-of-moments to calculate radiation patterns.

The original Fortran program has phase information available in the output, unlike some of the de-
rivative versions with Windows™ interfaces. For more complex antennas like horns and dishes, |
used Physical Optic®(0.) routines from Milligan and Di&z (A description by Ruséh*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.”)

Of course, a computer model of an antenna is only an approximation of a real antenna, achieved by
segmenting the antenna into a number of small pieces for purposes of calculation. The calculated
patterns may be compared with published results and with measurements, which have their own
inaccuracies. What we find, for a reasonably detailed model, is that the calculated forward patterns,
out to about 90° rotation from the axis, are fairly accurate in amplitude and phase. The back half of
the patterns, from 90° to 180°, are less accurate, particularly for the Physical Optics technique, which
finds spurious sidelobes at about £150° and a null at 180°. However, it is only the forward half of the
feed pattern that illuminates a dish — even a very deep dishfAbi#0.25, has an illumination angle

of 180°, or £90° from the axis. The back half of the pattern is just spillover that does not contribute
to useful radiation. Thus the amplitude and phase of the spillover at any particular angle does not
matter; only the total amount of power lost is needed for efficiency calculation. If the forward half of
the pattern is accurate, then, by conservation of energy, the total power in the back half of the pattern
is known, so we can also calculate efficiency with reasonable accuracy.



6.1.2 Phase Center

For al of the energy illuminating a parabolic reflector to have the same phase, the energy
must emanate from a single point at the focus of the reflector. Since all real antennas
have physical size, radiation from a single point isimpossible. However, over alimited
angle, the radiation from most antennas has a spherical wavefront, so that the radiation
appears to emanate from the center of a sphere, the apparent phase center of the antenna.

A feed antenna should have a spherical wavefront over the full illumination angle, so that
the whole reflector is illuminated from a single phase center. When this phase center is at
the focus of the parabola, then all of the energy radiated in the main beam of the dish isin
phase and efficiency is maximized. Taking a rule-of-thumb from optics, we can estimate
that a feed antenna whose phase changes lessthan 1/16 | , or 22.5°, over the illumination
angle will provide good performance and high efficiency.

If the phase center of the feed is not at the focus of the parabola, then additional phase
error will be present (we will examine the error in more detail later). Thusit isimportant
to locate the phase center accurately. When the phase pattern of afeed is calculated or
measured, it is around some arbitrary reference point such as the center of the aperture of
ahorn. The phase datais a series of data points, each consisting of a phase anglef and
an associated pattern rotation angle q. The phase center is probably on aline through the
center of the feed; unless we were very lucky and chose a reference point at the phase
center, the measured phase f will vary with rotation angle g. If we didn’t choose a
reference point at the phase center, we must calculate® the axial distance d from the
reference point to the apparent phase center using:

_ Df I
2p(1 - cosy)

where Df isthe change in phase from the on-axis phase, and d is the displacement of the
phase center toward the source asillustrated in Figure 6.1-1: if d is positive, then the
phase center is closer to the dish (or the test range source if we are only measuring a
feed), and anegative d is farther away from the dish (or source). For example, if the
phase reference point is at the aperture of a horn and d is negative, then the phase center
isinside the horn.

A good first approximation in finding the phase center isto calculate d for the rotation
angle q where the amplitude is—10dB, or for the desired illumination half-angle. Later
we will see how to place phase center to deliver best efficiency.
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Once we have determined the distance d to the phase center, we must adjust all of the
phase data so that the new reference point for the feed antenna pattern is the phase center.
We do this by turning the above equation around to calculate a new Df for each rotation
angleq:

2p(1- cosq) xd

I
then adjusting the original phase angle f by adding Df .

Df =

We can also verify this phase center calculation by adjusting the reference point in the
NEC model and showing that the resulting phase pattern is the same as the one adjusted
by the above calculations.

To illustrate the effect of feed phase on dish performance, | modified the FEEDPATT
program (Chapter 11) to calculate and plot dish efficiency including the effects of phase
aswell as for amplitude only. Figure 6.1-2 is our first example of an output plot
including phase from the modified program, called PHASEPAT. The origina
amplitude-only efficiency is shown as a dashed line, so that the effect of phase error is
quickly apparent. The output now also includes a phase plot for the feed in the upper
right part of the page, in addition to the common amplitude radiation pattern for the feed
at the upper left. Asdescribed in Chapter 12, | used the modified program, PHASEPAT,
to make plots for the feed patterns | was able to calculate. The modified program may be
downloaded from http://www.qsl.net/n1bwt/phasepat.zip .

Real antennas have a number of other small losses that can add up to a significant loss of
efficiency. My empirical estimate is that careful work can keep the loss to about fifteen

percentage points. Thus, each plot includes the statement, “REAL WORLD at least 15%
lower.”

6.1.3 Phase performance of feed antennas

Most of the feeds we commonly use are popular because experience has shown that they
work well. Thus, it is not surprising that most also have good phase performance — the
phase of the radiation is nearly constant as the feed is rotated around its phase center.
Let’stake alook at afew examples of common feeds, both good and bad. The rest of
Chapter 6 will have similar illustrations for many different feeds.

Dipole — A simple example is adipole with a*“splash plate”’ reflector spaced 0.3l ;
Figure 6.1-2 plots the efficiency based on patterns calculated by NEC2 from dimensions
in the RSGB Microwave handbook®. The phase plot in the upper right of Figure 6.1-2
shows that the feed phase is quite uniform over awide illumination angle and efficiency
is reasonably good for deep dishes, with /D around 0.25 to 0.3. The calculated phase
center is0.11l behind the dipole, not far from the recommended starting point of halfway
between dipole and reflector.



RSGB dipole-splashplate feed, by NEC2

Figure 6.1-2
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EIA dual-dipole — The EIA reference antenfhha dual-dipole over a ground plane, is a popular feed

at UHF frequencies. The feed pattern calculated by NEC2, shown in Figure 6.1-3, has some interest-
ing features. The phase is fairly constant over about £50°, then starts to change, with a wild variation
around an E-plane null at 90°. However, sincd/fhdor best efficiency is around 0.5, the phase

variation is outside the desired illumination angle or 106°, or £53°, and misses the reflector. The
phase center is about OXLBehind the dipoles.

W2IMU — For shallower dishes, the W2IMU dual-mode feed popular choice. The feed pattern

in Figure 6.1-4, calculated by NEC2, has uniform phase over the narrower illumination angle suitable
for a shallow dish. As a result, the calculated efficiency fdf@around 0.5 to 0.6 is excellent. The
phase center is at the center of the aperture.

However, not all antennas have good phase performance. The W2IMU dual-mode feed requires two
critical dimensionso that the two modes arrive at the aperture out of phase to achieve cancellation
of edge currents in the rim of the horn. Any current in the rim will add sidelobes and affect the clean
pattern shown in Figure 6.1-4. As an example, | took an off-the-shelf plumbing adapter — at first
glance, it looks like a dual-mode feed for 10 GHz. A typical ham practice would be to try it and see

if it is close enough. Unfortunately, the dimensions aren’t right, and the calculated pattern, shown in
Figure 6.1-5, is rather ugly. If we were to consider amplitude only, as we did in the past, the calcu-
lated efficiency would be mediocre, but the poor phase performance results in really low efficiency.

Rectangular horn— Offset dishes, like the DSS dish, require narrower illumination angles. Chapter
5 described the use of a small rectangular lagra feed. Figure 6.1-6 shows the pattern calculated
using Physical Optics, with excellent phase uniformity and efficiency fiiDesround 0.6. The

phase center is about A.ihside the aperture. While Figure 6.1-6 only showd$tipdane and

H-plane patterns, the 45 degree planes also have excellent patterns. | was really lucky in designing
this horn.

Multi-band feeds — Multi-band feeds present another problem: the phase center usually has a
different location at each frequency. Complex structures with poor symmetry like log-periodic arrays
are particularly bad. Therefore, we need to calculate radiation patterns and phase centers for each
frequency of interest, and choose some compromise for positioning the feed with respect to the focal
point of the dish. The next section suggests that the highest frequency is the most critical one for
phase center location.

6.1.4 Axial Displacement Error

When the phase center of a feed is not at the focus, but at some other distance from the reflector, the
resulting phase error causes a loss in efficiency referred to as axial displacement error. In Chapter 4,
Figure 4-9 shows curves for axial displacement error based on uniform illumination, a much simpler
calculation. Now that we can calculate feed patterns and phase centers, we can also calculate the
axial phase error for actual feeds.



ElA dual-dipolereference antenna asfeed, by NEC2

Figure 6.1-3
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W2IMU dual-mode feedhorn, by NEC2
Figure 6.1-4
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W2IMU feed - bad imitation, by NEC2
Figure 6.1-5
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Feed Radiation Pattern
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WR-90 horn for DSS offset dish at 10.368 GHz, by P.O.
Figure 6.1-6
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In the same way that we adjust the phase pattern to the desired phase center, we may
adjust it to some other point along the axis and calculate a new phase pattern, so that the
phase pattern around this new point is the feed pattern at the focus of the dish. Then we
can plot the resulting efficiency curve. Figure 6.1-7 shows afamily of efficiency curves
for axia displacement in 0.25] steps toward the dish, using an EIA dual-dipole feed as an
example. Clearly, the peak efficiency decreases with axial feed displacement from the
focus, and decreases faster at smaller f/D. Displacement in the other direction, away
from the dish, produces a similar family of efficiency curves.

If we plot the peak efficiency vs. axia displacement, then we can clearly see the
sensitivity of efficiency to axial displacement. Figure 6.1-8 shows this relationship for
the dipole-splashplate feed; zero displacement on this plot is with the dipole at the focus.
However, best efficiency is not at zero displacement, but with the dipole displaced
toward the reflector by 0.111 . This position is obviously the best phase center for this
feed and f/D, so we can conclude that the best phase center is 0.11l behind the dipole.
Thisisthe technique used to find all the phase centers previoudly cited.

Similar plots of peak efficiency vs. axia displacement are shown in Figure 6.1-9 for the
EIA dual-dipole feed and Figure 6.1-10 for the rectangular horn feed for the DSS dish.
When we plot the curves for the three feeds on the same graph in Figure 6.1-11, it is
quickly apparent that deep dishes, with small f/D, are much more sensitive to axial
displacement error.

It might be informative to evaluate this sensitivity. Returning to the equation we used to
find the phase center:

2p(1- cosq)xd
of = 2p(1-cosa)

I
we can see that the phase error for agiven axia displacement d is afunction of the

rotation angle, so it increases as the illumination angle of the dish becomes larger. A
larger illumination angle is more sensitive to phase error in the feed.

Since most offset-fed reflectors need a small illumination angle, equivalent to alarge f/D,
the phase error resulting from a given feed displacement is the same as for adish with a
large f/D. Thus, the efficiency of an offset dish has alow sengitivity to axial feed
displacement errors. The combination of thislow sensitivity with the other advantage of
offset dishes, elimination of feed blockage, makes the offset dish highly attractive.



Feed Radiation Pattern

Dish diameter =10\ Feed diameter =1 A

Parabolic Dish Efficiency %

0dB

ElA feed with axial feed displacement in 0.25 A steps

90

80

70

60

50

40

30

20

10

H-

plane

Figure 6.1-7
90 ~
—F-plane
2 675 — H-plarje
2 45 d

22.5

-67.5

Feed Phase A
N
ol

0 10 20 30 40 50 60 70 80 90
Rotation Angle around P.C.

Parabolic Dish f/D

—t+— MAX [Possible Efficiency with Phase grror
--+{--- MAX [Efficiency|without phase error| AFTER|LOSSES.
REAL WORLD at |lgast 15% |ower
-------- Spillover
L 1dB
Displacement =0
/‘\T
4 \
/ \ -2 dB
|
I\
B g 3dB
10N | i\
: i i—4dB
| I
L5 dB
15 L6 dB
- 7dB
L 8 dB
- ] | l
0.25 0.3 0.4 0.5 0.6 0.7 0.8 0.9

W1GHZ 1998



RSGB dipole-splashplate feed, by NEC2
Figure 6.1-8
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ElA dual-dipole feed, by NEC2
Figure 6.1-9
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WR-90 horn for DSS offset dish at 10.368 GHz, by P.O.
Figure 6.1-10
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Focal Point Sengitivity of Real Feeds
Figure6.1-11

f/ID = 0.25: RSGB dipole-splasher feed, by NEC2

f/ID = 0.64: WR-90 horn for DSS offset dish at 10.368 GHz, by P.O.
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Before doing the analysis of phase center sensitivity, | had thought that the sensitivity to axial dis-
placement error would be related to tH of the full parabola. Since the DSS offset-fed dish is a
section of a full parabola with a sm&ID of about 0.3, | had concluded that the offset dish would be
sensitive to axial displacement efforNow that it is clear that the axial displacement error is due to
the phase error resulting from feed displacement and is a function of illumination angle, we can see
that the offset dish is insensitive to feed positioning errors.

An important point to note in Figure 6.1-11 is that the feed axial displacement is in wavelengths,
regardless of dish size. A one wavelength error in feed placement will result in the same efficiency
reduction whether the dish is one foot or 50 feet in diameter. For multiband feeds, the error is larger
at higher frequencies, since each millimeter is a larger part of wavelength at the higher frequency.
Thus, the feed placement should be chosen to favor the phase center at the highest frequency.

For the three feeds illustrated in Figure 6.1-11, an intuitive location for the phase center would be at
the aperture of the horn or the plane of the dipole. Calculating the actual location of the phase center
provides some improvement, but these feeds would work pretty well using the intuitive location.
However, some feeds are not so forgiving. While looking through W8JK'’s famous,#otknnas

| noticed that some of the rectangular horn patterns have a cardioid shape which might provide
increased illumination at the edge of a dish, like the desired illumination pattern of Figure 4-5. After
calculating a few trial patterns for small horns, | arrived at one that seemed promising, and used an
early version oPHASEPAT, without phase center correction, to analyze its performance as a feed.
The resulting dish efficiency, shown in Figure 6.1-12, was abysmal. A plot of axial displacement
error, Figure 6.1-13, shows why: the phase center is about@ide the horn, with a large axial
displacement error at the aperture; the efficiency without correcting for phase center is very low. An
efficiency plot for the best phase center, Figure 6.1-14, shows dramatic improvement, but the best
calculated efficiency is around 66% for a snfifél around 0.25. The efficiency on a real dish would
likely be around 50%, which isn’t bad for a very deep dish. However, | have not actually tried this

feed
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WR-90 small horn with cardiod pattern, by P.O.

Figure 6.1-13
90
—F-plane
GE) 207 - pIare
= 245 —
© <
ol 225
(¢]
S B0~
= 0dB| -10[ -20{ -30 ]
ks T 225
3 D 45
4 o}
- LL -67.5
]
o) 90
L ~ta 0 10 20 30 40 50 60 70 80 90
Rotation Angle around estimated
Dish diameter =20\ Feed diameter =2 A Phase Center = 0.195 A inside aperture
—— MAX Possible Eff{ciency with Phase error for f/D 50.273
90

REAL WQRLD at |east 15% |lower
80 L 1dB

70

. N
. [\
. [
. in
LA
VN L

2 -1.5 1 -0.5 0 0.5 1 15 2

Axial Displacément of Feed Aperture from Focus, in A
W1GHZ 1998

Parabolic Dish Efficiency %




WR-90 small horn with cardiod pattern, PC at focus, by P.O.
Figure6.1-14
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