Mapping the Antenna Gain at the RPA

March 20, 2001

G. R. Harp and R. F. Ackermann

Abstract

The gain patterns ofsome ofthe RPA antennas are characterized using a two element interference technique. One antenna is given a fixed pointing toward a satellite while a seco nd antenna is swept through its entire range ofmotion. The signals fromthese two antennas are cross correlated to provide a 2D map ofthe gain. This provides a direct measurement ofthe effective area (4.85 m 2 for RPA6) implying an antenna efficiencyo f about 48%. We used this technique to measure the amplitude ofsatellite signals scattered fromneighboring antennas into the sidelobes ofRPA7. The high - angle sidelobe amplitude was found to varystronglydepending on the position ofthe other antennas .

We conclude that inter - antenna scattering willseriouslycompromise our abilityto forma beam(or null) in the high angle sidelobes at the RPA. An attempt is made to extrapolate these results to the proposed ATA configuration.

Experiment and Analysis

Figure 1 displays a summaryofthe measurement and analysis. The first antenna is pointed toward a satellite (Solidaridad F2), which has a right - hand circular polarization.

The electronics are tuned with a center frequencyof1530.58 MHz and a bandwidth of10

MHz. (Additionalmeasurements were made with a 150 kHz bandwidth giving essentiallyidenticalresults.) The second antenna is then swept over its fullrange of motion. The signals fromthe ^X~ polarizations ofboth antennas were digitallymixed t o a complex basis, and then the autocorrelation ofantenna 1 (

11

y ) and the cross correlation

ofantennas 1 and 2 ( 12

~ y ) were calculated.

dt E x

2

1 11

~ ò = y and

dt E E x x

*

2 1 2 12

~ ~ ) ( ~ ò × = W y , where ),(

2 2 2 f J = W

Since the satellite signalis RHCP, we are guaranteed that the two signals willcorrelate,

in spite ofthe fact that the ^X~ polarizations ofthe feeds are not aligned. No attempt was

made to compensate for the fact that at large polar angles, 2

J , antenna 2´s polarization

acquires a component perpendicular to the plane ofpolarization ofthe satellite signal.

ATA Memo #19

Fig. 1. Block diagramofthe experimentalmeasurements.

From 11 y and

12

~ y we cal culate the raw antenna gain,

r G , from

2

11

12 2

~

) (

y y = W

r G .

It is important to divide by

11 y in the above equation since the output ofthe satellite

varies with time. The ratio 11 12 / ~ y y is proport ionalto the electric field amplitude

entering antenna 2 as a function ofangle. We square this amplitude to put the figure into

units ofpower. Another analysis would use the amplitude to characterize the dish surface

using a process related to holograp hy. This type ofanalysis willbe the subject ofa future

memo.

Next the raw gain is normalized relative to the gain ofan isotropic antenna, º iso G 1.

Since the integralof iso G over allangles is p4 , this normalization is accomplished by

) ( ) ( 2 2

W = W

r AG G , where ò W W = -

p p 4 2 2

1 ) (

4

1 d G A r .

Satellite

Antenna 1

points at

satellite

Antenna 2 moves

over wide range

Digital conversion to

complex basis

Autocorrelate Cross correlate

y

11 y

12

IF IF

ADC

Mix to baseband

10 MHz BW

RPA7

Gain (dBi) vs. Angle

-40

-30

-20

-10

0

10

20

30

40

-20 -10 0 10 20 30 40 50 60 70 80 90

Ang le (de gr e es)

Gain (dBi)

Fig. 2. Plot ofthe antenna gain vs. polar angle. Polar angle is measured fromthe

direction toward the satellite.

Figure 2 displays line scan through a typicalgain spectrum. Because our measurements

of r G do not extend over the entire sphere, we must estimate its value in the areas we

cannot measure. To normalize the spectrumin f igure 2, we assumed azimuthalsymmetry

and the average gain over the range 30 ° < 2

J < 85 ° was used for the range 85 ° <

2

J < 180 ° .

Results

In figure 2, the maximumgain is 32 dB, or 1585 times higher than that expecte d for an

isotropic antenna. Fromthis we maycalculate the maximumeffective area, max ,e A , ofour

antenna from 1

= =

max

2

max , 4

G A e p l

4.9 m 2 .

This is to be compared with the actualarea ofthe dish (diameter 3.6 m), 10.2 m 2 . From

these we calculate that the efficiencyofthis antenna (including the feed, etc.) is about

48%. This is a reasonable number for the present antenna type.

A 2D plot ofthe gain over the measurable solid angle ofRPA6 is displayed in figure 3.

This plot is in th e ^natural~ coordinate systemofthe antenna: the horizontaland vertical

scales are linear in the direction cosines, ( u , v ), where

) sin( ) cos( J f = u , and

) sin( ) sin( J f = v .

and J and f measure zenith angle and azimuthalangle, respectively, in a coordinate

systemaligned with the ground. The white circle represents the horizon ( J = 90 ° ) and

the image intensityis proportionalto the gain in dBi.

It is convenient to convert to a coordinate systemwhere the center ofthe image is aligned

with the center ofthe gain pattern (e.g. the direction towards the satellite). This

transformation is accomplished as follows. Defining a ^z~ coordinate , )cos( J=w , for

the data, we have G( u , v , w ). We wish to find a coordinate system( u ¢ , v ¢ , w ¢ ) where

zenith, w ¢ � = (0, 0, 1), is aligned with the direction ofpeak gain, p r

& . The x - and y - axes, u � ¢ and v� ¢ , ofour primed coordinate systemare arbitrary. Expressing u � ¢ , v� ¢ and w ¢ � in terms ofthe unprimed coordinate directions u � , v� , and w � we choose p r w & = ¢ � , w w

w w v

� �

� �

�

´ ¢

´ ¢

= ¢ , and w v u ¢ ´ ¢ = ¢ � � � .

1 See M. L. Meeks in ^Methods of Experim ental Physics, V. 12 Part B, Astrophysics ˘ Radio Telescopes,~ ed. byM. L. Meeks, Academic Press, p. 3 (1976).

Fig. 3. Two dimensionalplot ofthe antenna gain. To understand this image, imagine you

are looking down onto the surface ofa sphere. The white circle represents the horizon.

The intensityis plotted on a log scale, and the bright spot appea rs where the moving

antenna is pointed directlyat the satellite. Notice that the range ofmotion for this

antenna is tilted slightlytoward the southerlydirection.

For any r & , we can calculate r ¢ & from

u r u ¢ × = ¢ � & ,

v r v ¢ × = ¢ � & , and

w r w ¢ × = ¢ � & .

The gain of figure 3 was transformed in this wayand plotted in figure 4. Note that the

rings around the main peak are now circular, as expected for this coordinate system. The

same tran sformation was applied to the data in figure 2 before plotting.

Fig. 4. Gain pattern of fig. 3 after transformation to a coordinate systemcentered on the

beampeak. Again, the verticalscale is logarithmic in antenna gain.

Int er - Antenna Scattering into Pattern Side Lobes

When the RPA antennas are pointed at low elevation, theyoften obstruct one another´s

view because theyare packed tightlytogether. In this situation, the antenna ofinterest is

viewing the backside ofits ne ighbor, assuming theyare both pointed in the same

direction. The backside ofa dish makes a prettygood convex mirror, so for some

geometries our antenna willsee a demagnified image ofthe rearward sky(and ground) in

this mirror. We wish to determine the magnitude ofsuch inter - antenna scattering.

We made nominallyidenticalmeasurements ofthe gain on RPA7 (the centralantenna)

where the onlychanging variable was the positions ofRPA2 - RPA6 (RPA1 always

pointed toward the satellite). Line scans were acquired as depicted in figure 5, along a

path that passed through the pattern maximumon the south side, and veryclose to the

direction ofRPA6 on the north side.

Figure 6 shows two such line scans, one taken with the antennas in ^open flower~

arrangem ent (antennas pointing awayfromRPA7 as in figure 5), and another in the

^closed flower~ arrangement (antennas pointing toward RPA7 to maximize its

unobstructed view). The curves of figure 6 show significant differences, wellabove the

randomvariations we observe for successive identicalscans.

                                                                                              Satellite

RPA7

RPA6

RPA1

                                                                                                          Fig. 5.  Geometry of the ^open flower~ line scan in figure 6.

RPA An ten n a

Gai n  (dBi ) vs. An gle

                                                                                                  -40

                                                                                                  -30

                                                                                                  -20

                                                                                                  -10

                                                                                                         0

                                                                                                    10

                                                                                                    20

                                                                                                    30

                                                                                                    40

                                                                                                               -20 -10 0 10 20 30 40 50 60 70 80 90

Angle  (de gre e s)

Gain (dBi)

C losed Flower

Open F lower

                                                                 Fig. 6. Two nominally identical line scans where RPA1 is fixed in the direction of the

                                                            satellite and RPA7 moves through i ts range of motion.  The only difference between the

                                                                                                       two scans was the position of the other, uninvolved antennas.

                                                       To more easily gauge the magnitude of these changes, another type of scan was

                                                       performed where RPA7 was held in fixed position near zenith whi le another

                                                       ^uninvolved~ antenna was moved.  Figure 7 shows one such scan. Here, RPA6 was set at

                                                       a constant elevation angle of 50 °  and rotated about the zenith axis (azimuth).  The

                                                       measurement was repeated twice and the two plots are superimposed. We plot t he

                                                       normalized gain, defined as
peak
r

G

G / , where
peak

G  is the gain in the direction of the

                                                       satellite.  The zero of azimuthal angle corresponds to the value where RPA6 is pointed

                                                       towards the satellite.

(RPA7 x RPA5) vs RPA6 Azimuth

                                                                                   0.000

                                                                                   0.010

                                                                                   0.020

                                                                                   0.030

                                                                                   0.040

                                                                                   0.050

                                                                                   0.060

                                                                                                        -90 -45 0 45 90

Angle (degrees)

Gr / G
peak

                                                        Fig. 7.  Plot of
peak

                                                                                                                  r

G

                                                                                                            G /  for RPA7, which is held in fixed position.  The gain is plotted as

                                                                 a function of the azimuthal position of RPA6.  The strong variations near 0 °  are well

                                                           above the random noise variations, and have an amplitude of a few percent of the gain in

the main beam.

                                                       The gain of RPA7 has substantial variation depending on the position of RPA6.  To our

                                                       surprise, the maximal variation occurred not when the backside of RPA6 was directed at

                                                       RPA7, but when RPA6 was pointed towa rds the satellite.  We believe this happens

                                                       because RPA6 focuses the satellite signal upon its own feed, which absorbs only a

                                                       fraction of the signal projected onto it.  The rest of the signal is scattered.  Indeed, the

                                                       maximal excursions of

r

G occur when RPA6 is pointed about 10 °  away from the satellite,

                                                       at which time the signal is focused onto the choke ring on RPA6, which strongly scatters

                                                       the signal.

(RPA7  x RPA5 ) v s  RPA3 Azimuth

                                                                                   0.000

                                                                                   0.010

                                                                                   0.020

                                                                                   0.030

                                                                                   0.040

                                                                                   0.050

                                                                                   0.060

                                                                                                      -180 -135 -90 -45 0 45 90 135 180

Angle (degrees)

Gr / G
peak

                                                             Fig. 8.  Scan similar to that of fig. 7 except that here  RPA3 is rotated instead of RPA6.

                                                       Several other scans, similar to figure 7 were studied.  For example, figure 8 shows the

                                                       result of spinning RPA3 instead of RPA6.  RPA3 is ^in front of~ RPA7 (i.e. closer to the

                                                       satellite), as compared with RPA6 which is ^b ehind~ RPA7.  Again we observe

                                                       substantial variations in gain, but the peak variations occur near 180 ° .  In this case

                                                       RPA3´s dish blocks the line of sight between RPA7 and the feed of RPA3 at azimuth =

                                                       0 ° .  It isn´t obvious what part of RPA3 acts as the sc atterer in this case, but reproducible

                                                       gain variations are clearly observed.  This figure demonstrates that inter - antenna

                                                       scattering can  be significant even when the ^uninvolved~ antennas do not point at the

                                                       RFI source.

                                        Discussion

                                        Figures 7 and 8 have imp ortant implications for certain methods of RFI mitigation that

                                        have been proposed at the RPA.  In particular, beam forming (or beam nulling) in the

                                        high - angle sidelobes will be very inaccurate, unless inter - antenna scattering is explicitly

                                        taken into accou nt.  The gain for each antenna depends on the positions of all the other

                                        antennas in the array.  Evidently the scattering (and gain) will change drastically

                                        depending on the position of the satellite in the sky, ),(

Sat

Sat
f

J .  In general,

)

,

,

,

,

                                                                                                                ,

                                                                                                  ,

                                                                                   ,

                                                                        ,

                                                              (

3

3

1

                                                                                                                       1

                                                                               2

                                                                     2

                                                                                                                   �

                                                                                                         f

                                                                                              J

                                                                                     f

                                                                           J

                                                            f

                                             J

                                   f

                        J

                                                                 Sat

                                                   Sat

               G

 G = .  To completely specify the antenna gain at the

RPA, we must measure all these dependencies, which is impossible.

However, we don´t really need all these dependencies since in most measurements the
antennas move together.  Applying this c onstraint makes the problem simpler, but the
gain still depends on the satellite position: ),,,(

2

2 Sat
Sat

G

G f
J
f

J

= .  For a reasonable point
density at the RPA (100 points in u  and v ), we must measure the gain pat tern at 10
8
points.  Given the difficulty of making measurements as a function of satellite position,
this too is probably impossible.

If instead, we approximate G  by ),(

2

2

f

J

G

                                                                                                                G = , figure 7 indicates our gain will be in
err or by roughly 50%.  When forming a beam (or null) in the high - angle sidelobes, we
can expect these errors to cancel out on average, so with 7 antennas the beam phase /
amplitude error will be in the range of 10 - 20%.  This might be adequate for some crude
e xperiments, but it is not promising for meaningful testing of satellite nulling methods at
the RPA.

Another question is how the scattered satellite amplitude is entering into RPA7.  Initially
we guessed that it was bouncing off of RPA7´s dish and entering the feed in the ^normal~
way.  However, figure 7 indicates that most of the scattered signal is entering RPA7 via
the feed spillover across the edge of the dish.  In figure 7, RPA7 was actually pointed 5 °
away  from RPA6, in the direction of the satellite.  (This direction was chosen to make
measurements at a local maximum of
r

G .)  Based on this and other measurements, we
now believe that feed spillover is the primary pathway for scattering to enter RPA7.

As a final point, we raise the q uestion of how inter - antenna scattering might affect beam
forming in the primary beam  at the RPA.  We leave this question open for future
research.

Extrapolation of Results to the ATA

In this section we attempt to extrapolate the above results to the ATA.  First we note that
even 2D measurements of ),(

2

                                                                                                                     2

f

                                                                                                                J

                                                                                                       G

                                                                                         G =  will be a challenge.  Because the ATA antennas
have twice the diameter of the RPA antennas, we must measure and store a grid of 400 x

400 points for the gain at 1 GHz.  At 10 GHz, the grid  grows to 4000 x 4000.

Furthermore, each gain pattern has validity over a frequency range of only ~50 MHz,
2

 so
we may have to repeat these measurements 200 times for all 350 antennas in the array.

This gives a daunting total of 10
                                                                                                           11

                                                                                                                  individual measuremen ts.  In practice, we may need
the gain only at selected frequencies, so this number could be reduced.  However, a
complete measurement of ),,,(

2

                                                                                                                    2 Sat
Sat

                                                                                                      G

                                                                                        G f
J
f

                                                                                                               J

                                                                                                =  would require 10 22  measurements,
which is clearly out of the question.

To estimate the scatter ing magnitude at the ATA, consider that the distance of closest
approach between antennas is about two antenna diameters ˘  the same as at the RPA.

However, the packing density at the ATA will be much lower, which should reduce
scattering overall.  We opti mistically estimate that instead of 50%, we may see 5%
changes in G  caused by inter - antenna scattering at the ATA (in the high angle
sidelobes).
                                   3

Using this estimate and 350 antenna, we predict beam amplitude / phase errors of order

0 .3% when forming beams in high angle sidelobes.  To consider a specific example, this
implies a maximum of 25 dB reduction in unwanted field, or 50 dB reduction in
unwanted power, when forming a sidelobe null on a satellite at the ATA.  Even for

Iridium, t his is probably sufficient suppression for most astronomical observations.

However, in the vicinity of satellite carrier tones, beam nulling will probably not provide
sufficient signal suppression for the narrow band observations performed in the SETI
sea rch.

Conclusions

We have mapped the gain pattern of some of the RPA antennas using a two element
interference technique.  These measurements indicate a collection efficiency of about

50% for the RPA antennas.  We have also discovered that there is signifi cant inter -
antenna scattering due to the close - packed configuration of the RPA.  This inter - antenna
scattering will make sidelobe beam forming rather inaccurate at the RPA.  From these
measurements, we crudely estimate the inter - antenna scattering in the p roposed ATA
configuration.  For the ATA, we find that sidelobe beam forming will be reasonably
accurate in the presence of inter - antenna scattering, with a phase / amplitude error of
about 0.3% caused by scattering.

2  An easy way to estimate this is to ask, ^How large a change in frequency is required to put two waves out
of phase by 180 °  while they traverse  the dish radius?~ The answer is,
D
c
f /
=

D

, where
c

 is the speed of
light and
                             D

                                     is the dish diameter.

3  The question of feed spillover at the ATA is interesting.  At the ATA, the feed points away fr om the
primary reflector, and the majority of the spillover occurs at the edge of the secondary, which is projected
onto the sky.  This should reduce the amplitude of scattering pathways into the antenna when it is pointed
at zenith, though they are enhanc ed at low elevation.  Since most observations are performed at higher
elevation, this is probably an advantage.