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Abstract—The NASA Deep Space Network (DSN) is study-
ing arrays of large numbers of small, mass-produced radio
antennas as a cost-effective way to increase downlink sensi-
tivity and data rates for future missions. An important issue
for the operation of large arrays is the accuracy with which
signals from hundreds of small antennas can be combined,
This is particularly true at Ka band (32 GHz) where atmo-
spheric phase variations can bhe large and rapidly changing.
A number of algorithms exist 1o correct the phases of signals
from individual antennas in the case where a spacecraft signal
provides a useful signal-to-noise ratio (SNR) on time scales
shorter than the atmospheric coherence time. However, for
very weak spacecraft signals it will be necessary to rely on
background natural radio sources to maintain array phasing.
Very weak signals could result from a spacecraft emergency
or by design, such as direct-to-Earth data transmissions from
distant planetary atmospheric or surface probes using only
low gain antennas. This paper considers the parameter space
where external real-time phase calibration will be necessary,
and what this requires in terms of array configuration and sig-
nal processing. The inherent limitations of this technique are
also discussed.
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1. INTRODUCTION

The Deep Space Network (DSN} is designing arrays
composed of hondreds of mass-produced, small-diameter
parabolic radio antennas which can increase the sensitivity
available for downlink telemetry by providing a large increase
in total collecting area ([1], [6]). This large array approach is
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a cost-effective way to increase downlink telemetry capabili-
ties by 1-2 orders of magnitude over the current DSN. How-
ever, to take advantage of this increase in sensitivity it is nec-
essary to calibrate the array (or a sub-array involving some
fraction of the array antennas) and to maintain accurate cal-
ibration over a wide range of weather and spacecraft signal
strength conditions.

The primary objective of array calibration is to allow the co-
herent addition of signals from all antennas in one or more
sub-arrays. This involves the measurement and correction of
delay and phase errors from multiple instrumental and prop-
agation media sources, but the most significant error is ex-

- pected to be differential path Iength variations caused by fluc-

tuations in atmospheric water vapor along the lines of sight
from different antennas. This effect is more severe at higher
frequencies.

Other objectives of array calibration include accurate sky po-
sition measurements (astrometry), accurate estimates of re-
ceived signal strength {radiometry), and real-time indications
of the over-all array performance.

2. DEEP SPACE NETWORK LARGE ARRAYS

The current plan for DSN arrays is to have approximately four
hundred 12-meter diameter antennas in each of three longi-
tude ranges, corresponding to the general longitudes of the
existing three DSN sites in California, Australia, and Spain.
Within each longitude range, the array antennas may be di-
vided into two clusters separated by a few hundred km, or all
array aniennas may be located in a single cluster. Each cluster
will have a compact configuration extending over an area of
approximately one square km (see figure 1).

The main requirement of the array is to provide at least an or-
der of magnitude increase in sensitivity for telemetry down-
link compared to the current DSN antennas. Other DSN ser-
vices such as spacecraft navigation (A-DOR, Doppler, and
Tange measurements) will benefit from the increased sensi-
tivity, but it is the need for much hi gher downlink data rates
that is driving the array design.

In addition to improved performance (sensitivity), arrays of
many small antennas have two important operational advan-



Figure 1. Anisg concept of a small portion of a DSN array
cluster of 12-meter antennas,

3. ARRAY CALIBRATION SCENARIOS
The basic parameters that need 1o be calibrated in order (o
make an array coherent (or ‘phased up’) are

1) the geometry of the array antennag with respect to the dj-
rection of the spacecraft signal,

2) the total signal delay from each antenna to the signal com-
bining point, and

3) the signal delay through the interstellar medium, the jono-
sphere, and troposphere.

The fitst of thege (geometric delay) can be determined
through periodic observations of a number of radio sources

line phases it is possible to solve for the relative positions
of the array antennas (e.g., section 12.2 in [15], {113, {1775
More precisely, one can solve for the vectors between the
Phase centers of the antennas. This calibration js needed only
when the array geometry changes, as might occur due to me-
chanical work on an antenna or due to local ground motion,

The second set of calibration parameters (instrumental and
signal transport delays from each antenma) cap be calibrated
through signals injected into the front end of the antennas,

The third set of parameters (propagation delays) are the most
important because they can vary by large amounts on short
time scales. Both the interplanetary medium and the iono-
sphere produce delays that scale as wavelength squared, and
thus they can be calibrated with simultaneous observations at
widely spaced frequencies. Moreover, the operating frequen-
cies of the DSN arrays will be X-band (8 GHz) and Ka-band
(32 GHz). These frequencies are high enough that plasma
effects will not be very important,

The troposphere is another matter. Significant fluctuations
in atmospheric water vapor content, and consequently varia-
tions in the index of refraction and the [ine-of-sight deiay, can
Occur on spatial scaies as small as 100-200 meters. (For ex-
amples of atmospheric phase fluctuations at 3 telatively good
observing site, see [3L[13], and [ 14}.) Thus, antennas within

For interferornetry, it is the difference between antenna
phases (the baseline phases) that are relevant. An array can

Tor associated with g give delay error is proportional to fre-
quency, the effects of Imperfect troposphere delay calibration
will be four times more severe at Ka band than at X band.

For a phase coherent array, the sensitivity of the combined
output signal will be very nearly the sum of the sensitivity of
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Figure 2. Diagram of phase interpolation technique. The
dotted line represents the distortion of an initially plane wave
by delay fluctuations in the troposphere. Antenna phase cor-
rections are determined for antennas 1 and 5 based on ob-
servations of a background radio source within a couple of
degrees of the spacecraft direction. A linear interpolation of
these phase corrections (dashed line) can be applied to anten-
nas 2-4, which are observing the spacecraft, This removes
most of the atmospheric phase error for these antennas and
thus allows coherent addition of si gnals from them even when
the SNR of the spacecraft signal is far below unity for each
antenna individually.

The regime labeled “self-calibration using integrated space-
craft signal” uses cross-correlation of the spacecraft signal
integrated for at least several seconds to determine phase cor-
rections. The size of this regime depends only on the space-
craft signal strength (Jy), independent of bit rate or codin g It
does not require a bandwidth larger than the spacecraft signal
bandwidth.

The “in-beam phase referencing” regime is the next best op-
tion when the spacecraft signal is too weak to be used directly
for array phasing. This regime requires high sensitivity to
continuum radio sources to allow a (relatively weak) source
within the primary antenna beams to be used. This translates
into a requirement for a wide si gnal path and correlator band-
width. The array phasing in this regime is independent of the
spacecraft SNR,

Finally, “external phase referencing” requires a separate
small sub-array of antennas to continuously observe a phase
reference source that is outside of antenna primary beams, but
within a couple of degrees of the spacecraft position. For an-
gular separations this small, the lines of sight to the reference
source and spacecraft pass through nearly the same region of
the troposphere and thus have highly correlated atmospheric
phase errors. In this regime the array phasing is indepen-
dent of spacecraft SNR, but is more sensitive to atmospheric
conditions. A wide-bandwidth correlator is also required, but
only for the number of antennas in the sub-array observing
the reference source.
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Figure 3. Array phasing regimes as a function of total ar-
ray sensitivity (full array SNR on spacecraft signal in 1 sec-
ond) and atmospheric coherence time (averaged over array
baselines). The location of the lower boundary of the ‘self-
calibration using spacecraft telemetry” regime will depend on
bit rate and coding as well as signai strength.

Clearly, in the limit of very poor weather conditions (very
short coherence times) the only viable options involve very
strong spacecraft signais. Fortunately, such conditions are
rare at good (high, dry) observing sites.

Based on the current plan for DSN arrays, we assume a
densely-packed cluster of 200 parabolic antennas, each with
a diameter of 12 meters, an aperture efficiency of 70%, and a
total system temperature of 30K at X-band and 50K at Ka-
band. The maximum IF bandwidth is 500 MHz for each
of two orthogonal polarizations. A cross-correlator with a
bandwidth of 500 MHz and multiple beamformers with band-
widths of 100 MHz each are expected to be available.

To see how this approach might work in practice, we first
need to determine how strong a background radio sonrce is
needed for array calibration. The rms error in antenna gain

measurements (oyain ) for an array of N identical antennas and
a global least-squares solution is given by

(‘Trgain)2 = (02/52)/(N_ 2)

for phase solutions only, and

(%ain)2 = (‘72/32)/(N— 3)



for both amplitude and phase solutions, where o = measure-
ment error in Jy and § = reference source flux density in
Iy [15]. The single-baseline rms phase error in radians is
oy = 1/SNR. Thus, for an array or sub-array of at least
200 antennas we will have an rms phase error of less than 6
degrees if the reference source produces an SNR of at least
0.7 on single baselines. An rms phase error of &y = 6 degrees
for the array would produce a sensitivity loss of only

e (@s/2 = 0,005 = 0.02dB.

The rms thermal noise on a single baseline is given by [13]

‘\/§ kB Tsya
AvAv Ar

where kp is Bolizmann’s constant, Ty, is the total sysitem
temperature, A is the effective area (the total geometric col-
lecting of both antennas times the aperture efficiency), Aw is
the bandwidth, and A7 is the coherent integration time. We
are ignoring small loss factors (of order unity) associated with
digitizing and cross-correlation of the signals, and we assume
that the incoming signals in unpolarized.

Using our assurmed values for system temperature, collect-
ing area, efficiency, bandwidth, and an integration time of 10
seconds, we get a noise level of 5 X 1072 Wm2 Hz 1, or
5 mly. Thus, to get a single-baseline SNR of 0.7 in 10 sec-
onds we need a source flux density of 3.5 mJy. By using both
polarizations this can be reduced to 2.5 mly.

What is the average angular separation between radio sources
whose flux density is at least 2.5 mJy? At X-band the den-
sity of sources this strong is approximately 0.002 sources per
square arcminute [4]. The average distance between sources
is proportional to the inverse square root of the source density,
and for the density given here the distance between sources is
about 24 arcminutes. Thus, from a random position on the
sky there will be a 2.5 mJy radio source about 12 arcminutes
away. The half-power beam width of a 12-meter diameter
antenna is about 10 arcminutes at X-band, so on average we
will have less than one radio source strong enough for phase
calibration within the primary beam. The conclusion is that
we can calibrate the array at X-band using an in-beam back-
ground radio source some of the time, but not most of the
time. '

At Ka-band we can extrapolate source density from mea-
surements made at higher frequencies and higher flux den-
sities [2]. The average distance to a source scales as the 3/4
power of its flux density, but the scaling with frequency is
less well known because different source populations domi-
nate at lower frequencies (fiat or steep spectrum synchrotron
sources) and higher frequencies (inverted spectrum thermal
sources). If we assume a flat spectrum on average between
32 GHz and 90 GHz, we find that the distance to a 2.5
m]y source is about 7 arcminutes. However, the antenna

beamwidth is only about 2.5 arcminutes at Ka bnad, so in-
beam calibration will be possible far less often than at X-
band.

Recent work by Garreit, Wrobel, and Morganti [5] has sug-
gested that array self-calibration using the combined response
from a number of sub-mly radio sources should be possible.
This would allow in-beam calibration in any direction, al-
though this approach places challenging demands on the time
and frequency resolution of the cross-correlator. Despite the
appeal of using such weak (and numerous) radio sources for
calibration, the data processing requirements probably pre-
clude this approach for real-time array calibration. Conse-
quently we will not consider it further in this paper.

For external phase referencing we are in much better shape.
The loss of sensilivity caused by using only a subset of array
antennas to observe the calibration source is more than made
up by the ability to find much stronger sources within 1-2 de-
grees of any position on the sky. Experience with the VLA
at 22 and 43 GHz shows that phase fluctuations are highly
correlated between antennas separated by up to 100 meters,
and between lines of sight separated by up to a few degrees.
These are exactly the conditions we need for external phase
referencing. Sub-array based calibration will work for the full
array as fong as the typical distance between calibrating an-
tennas is not much more than 100 meters and the calibrating
antennas are located throughout the main array.

6. CONCLUSIONS

A large DSN array will often have a strong enough radio
source for phase calibration within the primary anteanna
beams at X-band. This will allow all antennas to observe the
spacecraft continuously and avoids interpelation errors. The
full sensitivity of the array is available for detection of the
spacecraft signal, no matter how weak it is.

However, in-beam calibration sources will not always be
available at X-band, and will almost never be available at Ka-
band — where there are fewer sirong sources available and the
primary beam area is 16 times smaller. In these situations the
phase interpolation technique described here will allow array
phasing in the spacecraft direction with some loss of sensi-
tivity due to the need to have some antennas observing in a
slightly different direction and to imperfect phase corrections.
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