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POSSIBLE DESIGNS FOR A VERY LARGE ARRAY OF ANTENNAS

Nigel J. Keen

I, Introduction

The immediate prospect of the NRAO interferometer [1] poses many technical
problems which must be solved before a large unfilled array of dishes can be contem-
plated. The two outstanding problems which will arise on the interferometer are (a) the
relative phase stability of the local oscillator signal (< 10°) and (b) the determination of
fringe amplitude and phase, with a view to restoring source brightness distributions,

The problems which will not be solved on the interferometer are more numerous,
although all these problems are summed up in the question "which array pattern?', An

empirical approach to this problem is given, with alternative arrays.

II. Preliminary Discussion

In order to map an area of sky without ambiguity we consider the minimum detect-
able flux for the array of single paraboloids, assuming parametric amplifiers (giving sys-

tem noise temperatures T_ = 150 °K), and hence determine the number of detectable sources

which will occur in the a.r:a, of ambiguity (i.e., the single-paraboloid beam). Adapting the
estimates of von Hoerner [2] to total power reception with parametric amplifiers, we find
that the number of detectable sources for 60 fifty—-foot parsboloids is+ 4 x 10° per steradian;
assuming 20 arc seconds of resolution at A = 11 cm, we are brightness- rather than con-
fusion-limited. We see that there are ~ 200 beam solid angles per source. The confusion
limit would not have concerned us anyhow, since the counting of "'sources' in a given area
is irrelevant to the problem of unambiguous resolution of detail within the area. For this
and other reasons, not attempt has been made to take into account the numerical distribution
of observable source fluxes.

Ideally, we would like a pencil beam with low sidelobes, using a reasonable number
of dishes (60, say). The only arrangements that could give such a beam would be random.
These patterns have been studied [3] [4], but for individual antennas separated by distances
greater than one wavelength, grating sidelobes begin to appear. The reduction of grating

sidelobes and the intermediate sidelobes appears both complex and extravagaunt on antennas



and receivers. Hence we consider multibeam arrays, There are two types of high reso-
lution array — the grating array and the synthesis array. In fact these two arrays are
similar in function; we merely analyze their performance in different ways. Since we have
no intention of proposing a continuous array (dishes touching, or overlapping!) there will
always be ambiguities, i.e,, several array beams within the beam of an individual antenna.,

A further congideration is the individual antenng sidelobe level, since a grating lobe
can always occur here. The half-power width of the main beam of a paraboloid is 1. 22 dA R
which has been determined empirically, for several dishes, by Wade [5]. Using this result,
and the calculations of Silver [6], we obtain a tapering index p =~ 0.75 and a 30-minute
(half-power width) sidelobe at -22. 5 db for a 50-foot dish at A = 11 cm. The equations of
Silver were derived assuming the reflecting surface to be exactly a paraboloid. However,
according to Ruze [7] a %é' rms error over the reflector surface will raise the first sidelobe
to -21 db for a paraboloid of diameter ~ 150 A. The individual antenna pattern is shown in
Figure I. Since we are forced to accept some sidelobe level, we take -20 db as the highest
permissible for the individual dish and for the array response. This is approximately
equivalent to a one percent fringe amplitude or phase error in the correlated signal obtained
from two unit antennas in a synthesis array. The positions of the first grating sidelobes
are equivalent to the boundary of the ‘area of no ambig'uity"in the synthetic array.

Let us consider an array response G(0, ) whose Fourier transformation is
g(u,v), the "aperture function" of the array. If R(0, ¢) is the record of a source whose

brightness distribution is T(6, ¢), then [8] we have the convolution
R=G*T
From the properties of a convolution integral
r(u,v) = g(u,v) - t(u,v)

where t is the Fourier transformation of T, and r is the Fourier transformation of R.
Hence we may consider R, G and T (as in the grating) or r, g and t (as in the synthetic

array).



M. The Grating Array

Ultimately we wish to determine T. For an unfilled one-dimensional array with
regular spacing, d, the grating lobes will appear every (21\' radians. Furthermore, there
will be intermediate sidelobes due to the "missing orders' being incompletely suppressed.
These intermediate sidelobes may be considerably reduced by weighting the contributions
from each element in the array. In order to use the techniques of a correlation inter-
ferometer [1], the output of one portion of the array may be correlated with the remainder
of the array. This procedure gives the same grating response, however the elements may
be summed and multiplied (see Appendix I), although intermediate sidelobes and maximum
gain of grating lobes may vary. It is possible to suppress some grating lobes (e, g, ,
alternate grating lobes), although this suppression raises intermediate sidelobe levels and
widens the remaining grating lobes.

A two-dimensional grating array, of the type constructed by Chrisiansen [9], has
the signal from one arm cross-correlated with the signal from the other arm. This array
was only required to have intermediate sidelobes down to 2. 5 percent, so a cosine-squared
current taper was adequate. Figure II is the one-dimensional array response pattern for a
crossed grating with 32 dishes in each arm, and a gaussian taper. The separation of ad-
jacent dishes is 6860 A, which is 75.5 m at 2.7 kMc. Hence this could be a useful array
since the grating half-power beamwidth is 8.6 arc sec., and all intermediate sidelobes are
< 22 db. The first grating sidelobe is 5 arc min. from the central lobe. The relative gain

(compared with zero taper) is 0. 52.

IV. The Synthesis Array

The technique of aperture synthesis [10] is to employ the equation

r(u,v)

t(u,v) = 2(u, V)

and to determine t for each value of g corresponding to a pair of unit antennas. Where
no pair of antennas gives a component of t, there will be a space on the u-v plane, Also,
a uniform spacing of the antennas in the synthesis array gives the dimension of the area

of no ambiguity. A synthesis "tee'is shown in Figure III; while the values of g derived



from this tee are shown in Figure IV. It should be noted that we neglect the individual dish
responses, in the same way that they were neglected in calculations on the NRAO inter-
ferometer [1]. The weighting of the components of t is equivalent to tapering a grating
array, Mapping the two-dimensional fringe pattern requires some interpolation between

the points in Figure IV.

V. Comparison of Gratings and Synthesis Arrays

Both of the approaches to high-resolution, unfilled apertures are for transit in-

struments. The choice between the two is based on several criteria, which appear to be

(2) The system delay stabilities, if many signals are to be
added in a grating array;

(b) The accuracy with which amplitude and phase are re-
tained when pairs of antennas have their outputs cross
correlated;

(c) The phase stability of LO links in either system;

(d) The information obtainable;

(e) The complexity of the information processing.

Criteria (a), (b) and (c) will be studied on the NRAO interferometer. Neither system has
a significant advantage from the point of view of (d), while (e) militates against the syn-
thesis array in the amount of information to be processed. This is briefly considered in

Section VIII.

VI. A First Generation VLA

Assuming that a suitable site has been found, from the point of view of available
space, low interference levels and reasonably low tropospheric path fluctuations, an
instrument is described which could give useful radio-astronomical information, and could
be augmented at a later date to form a more complete array.

A parabolic cylinder oriented in a N-S direction would sweep out areas (on the u-v
plane) shown in Figure V for various declinations, as the earth rotates from -5 HA to

+5 HA, Nearly half of the Fourier transformation of the brightness distribution is obtained.



Hence we can say that, if a N-S array of dishes has the delay tracking facility from -5 HA
to +5 HA, a one-dimensional grating pattern rotates through nearly 90 degrees over the
source. Furthermore, for n regularly spaced dishes in the N-S array the phase ambiguity
is reduced by a factor (n - 1). This would be the simplest high-resolution system to
operate, and would not preclude extending the array for higher resolution, or interposing
more dishes to increase grating lobe spacing. Furthermore, this first generation VLA
could be switched to a synthesis instrument if required, permitting a comparison between

the synthesis and grating approaches.

VII. Conclusions

It has been shown that a one-dimensional grating array could be a useful instrument,
without requiring a commitment to the form of a more complete VLA. No detailed design
studies have been considered. Rather, we have been concerned with the fundamental capa-

‘bilities of first and second generation arrays.

VIII. Additional Considerations

1. Information Processing

A complete synthesis of all spatial components from 50 dishes will yield

20 )2( 19 _ 1225 pairs, the outputs of which can be treated in two different ways:

(a) The undetected signals may be recorded, and all 1225 pairs
cross-correlated in a computer. For a 10 Mc bandwidth and
a one minute scan time this will give > 1, 000, 000, 000 points
per scan per antenna. Even neglecting high resolution com-
ponents in the direction of major arm of the synthesis tee,
this still gives ... 1000 cross-correlations. Furthermore,
existing magnetic tapes would be required to travel at 1000 in/
sec, which is well beyond present capabilities.

(b) The signals may be instantaneously cross-correlated in ~

1000 multipliers and integrators, and the outputs be combined

in a computer for reconstitution of the source brightness



distribution. Such analog multipliers and integrators
(voltage to frequency converters + counters) could feed

a central scanner and magnetic tape recorder; this
equipment (excluding booster amplifiers and cables)

could cost $1.0 million, which is not excessive for such

a system. Also, the outputs of all pairs of antennas would

be on one tape.

2. Reduction of Ambiguities in Grating Arrays

Where instantaneous correlation of array signals is employed, we are interested
in the ambiguities due to grating sidelobes. For a two-dimensional grating we may re-
duce these sidelobes by cross correlating the output of a very large paraboloid with the
sum of all outputs from the elements of the grating. This is the system employed (in one
dimension) at Fleurs [10]. A 400-foot transit instrument at A = 11 cm would reduce the

first of 8 minute sidelobes by ., 10 db, and the others by more,
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APPENDIX I

“We consider six uniformly spaced dishes in a straight line, We wish to deter-
mine the antenna response when the outputs, V, from the individual dishes are combined

in various ways. All dishes are assumed identical. Hence, we have

Lo (Vi +V, 4 V) + (V,+V + V)

2. (V,+V) + (V,+V,+V +V,) P Cross-correlation

3. V¥ (V,+V,+V,+V, +V)

4. (V,+V, +V, +V +V +Vy Square law detection

1, Assuming amplitude of V is unity, we have

W = (1+ RN e216) (616+ o210 | e31<5)
where 6 = 2nd sin 6/A
= 2x
1-¢¥") s -é
W= 5 *°© 15
1- l1-e
_ Ccos 36(cos 36~ 1)
RelW] ~2 sin? &/2
_ sin® 3x
= cos 6x 02 x (1)
4
2 W = Ll:_ef_sl, % ot Q_;—_;cfi‘f)
1- eiﬁ ' 1- eié

cos 36 (cos 36 ~ cos &)
R = .
e[W] -2 gin? 6/2

cos 6x 319 2x gin 4x — (2)
sin x sin x

13



5i8 . ié
»W_(l-e‘)xew(l—e.)
1-e16 l_ela

3.

_ cos 36 (cos 36 - cos 26)
ReW] = -2 sin? §/2

cos 6x Sl.n 5% . (3)
sin X

6is\?
4. W = ("1——9"*)

1-e‘5

{l

sin? 6x
sin? x

Re[W] = cos 10x 4)

The relative gain in equation (1) is 9, that in (2) is 8, and that in (3) is 5, The
relative gain in (4) appears to be 36, but it should be remembered that no correlated
receiver noise occurs in (1), (2), and (3), so the apparent gain advantage of (4) will be
lost.

We see that all grating lobes always occur when

X = nw

i.e., nA d sin ©
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R FIGURE I

32 EQUALLY SPACED DISHES

WITH GAUSSIAN TAPER GIVEN BY
2 -001m? WHERE n IS THE
NUMBER OF INDIVIDUAL DISH
SPACINGS FROM THE ARRAY
CENTER. SINCE INDIVIDUAL
SPACINGS = 6860), 217 RADIANS

IS EQUIVALENT TO 5 ARC
MINUTES.
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