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Abstract

The National Radio Astronomy Observatory (NRAO) operates the Very Large Array
(VLA) Radio Observatory in New Mexico, and the Very Long Baseline Array
(VLBA) with 10 radio antenna in locations from Hawaii to St. Croix, as well as other
radio telescopes at Green Bank, West Virginia, and the 12 meter radio antenna near
Tucson, AZ. Although radio frequency (RF) bands have been set aside for passive use
by these radio telescopes, harmful interference from increased demands on the radio
spectrum is a growing problem for earth-based radio astronomy. For example, locating
a radio observatory in a remote area is little defense from satellite downlink telemetry.
This paper describes why the operation of the radio telescopes is susceptible to RF
telemetry interference, what bands are particularly vulnerable and at what power
levels, and how data collection and centralized control of the arrays are accomplished
without RF telemetry.
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HOW THE VLA AND VLBA WORK

The National Radio Astronomy Observatory (NRAO) operates the Very Large Array
(VLA) near Socorro, New Mexico, the Very Long Baseline Array (VLBA), and other
radio telescopes at Green Bank, West Virginia, and Kitt Peak, Arizona. The VLA is
an array of twenty-seven 25 meter diameter radio antennas spread out in a Y pattern
over a 36 kilometer diameter area on the Plains of San Augustin, 80 kilometers west
of Socorro. Used 24 hours a day for the passive observation of solar, planetary,
galactic and extra-galactic astronomical objects, the VLA is among the world's
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foremost scientific facilities, and has far exceeded expectations in its performance [1].
The Very Long Baseline Array (VLBA), recently brought on-line by NRAO, consists
of 10 radio antenna, each 25 meters in diameter, spread out over 8000 kilometers,
from Mauna Kea, Hawaii, to St. Croix, U. S. Virgin Islands. Already the VLBA has
produced headline-making science; the most compelling evidence yet of the presence
of blackholes was gathered with the VLBA in 1994 [2] and 1995 [3]. Specific
locations of major U. S. radio observatories including the VLBA sites are shown in
Figure 1.

Figure 1: Some U.S. Radio Telescope Locations

Location N. Latitude* W. Longitude* Altitude (ft)
Gnd AMSL Ant AGL

Socorro, NM 34E 04' 43" 107E 37' 04" 6969 100
NRAO-VLA

Pie Town, NM 34E 18' 04" 108E 07' 07" 7779 100
NRAO-VLBA

Kitt Peak, AZ 31E 57' 22" 111E 36' 42" 6285 100
NRAO-VLBA

Los Alamos, NM 35E 46' 30" 106E 14' 42" 6453 100
NRAO-VLBA

Fort Davis, TX 30E 38' 06" 103E 56' 39" 5299 100
NRAO-VLBA

North Liberty, IA 41E 46' 17" 91E 34' 26" 791 100
NRAO-VLBA

Brewster, WA 48E 07' 53" 119E 40' 55" 837 100
NRAO-VLBA

Owens Valley, CA 37E 13' 54" 118E 16' 34" 3960 100
NRAO-VLBA

Saint Croix, VI 17E 45' 31"+ 64E 35' 03"+ 52 100
NRAO-VLBA

Hancock, NH 42E 56' 01" 71E 59' 12" 1014 100
NRAO-VLBA

Mauna Kea, HI 19E 48' 16"- 155E 27' 29"- 12205 100
NRAO-VLBA

Green Bank, WV 38E 25' 59" 79E 50' 24" 2643 460
NRAO-GBT

Arecibo, PR 18E 20' 37"+ 66E 45' 11"+ 1100 145
NAIC/Cornell

Westford, MA 42E 37' 24" 71E 29' 18" 300 100
Haystack Obs.
NEROC/MIT

Delaware, OH 40E 15' 06" 83E 02' 54" 920 80
OSURO/Ohio State U.



Big Pine, CA 37E 13' 54" 118E 17' 36" 3960 95
Owens Valley R.O./CalTech

Cassell, CA 40E 49' 04" 121E 28' 24" 3330 90
Hat Creek R.O.
UC Berkley

* = North American Datum 1927
+ = Puerto Rican Datum 1940
- = Old Hawaiian Datum 1866 93/07/30 WDB

Receivers for the VLA and VLBA antennas are anchored on frequency bands
allocated for passive use by the radio astronomy (RA) service. Although observations
within an RA band are protected, the receivers extend into the adjacent bands for
important scientific reasons. First, distant celestial objects such as galaxies external to
our own have high relative speeds with respect to the earth; the resulting doppler shift
in the emissions causes spectral lines to appear removed from their zero-velocity
locations in the radio spectrum. For example, neutral hydrogen with a strong spectral
line at 1420 MHz in L band, has been observed at the VLA shifted down to 323.5
MHz in P band, the emissions thought to come from early pre-galactic formations [4].
A second reason for the adjacent bands, is that in order to maximize sensitivity when
measuring continuum emissions, the bandwidth must also be maximized.

Radio astronomers have no regulatory protection from interference in the adjacent
bands, and so when listening outside a protected RA band, the astronomers must limit
observations to narrow unused bands between existing allocated emissions or
accept/reject contaminated data. The VLA and VLBA are never used to transmit, so
use of any band is always passive. The receivers must operate "wide open," that is, no
filters can be used before the low noise amplifier because a filter would increase the
noise level; instead the VLA uses filters of 55 MHz and narrower after the first stage
amplifier and the VLBA uses 16 base band converters capable of up to 32 narrow
band “channels”. As a result, the front ends are subject to gain compression from
adjacent band signals, even if the observations are being conducted within an
allocated band. Receivers operate in non-contiguous bands from 74 MHz to 43 GHz at
the VLA and 325 MHz to 43 GHz at the VLBA. 96 GHz will be added to the VLBA
repertoire soon.

Once a radio signal has been received, amplified, and filtered, it is mixed with local
oscillators to an intermediate frequency (IF) that is relayed in the case of the VLA to a
central control building via a waveguide; and in the case of the VLBA, by a low-loss
coaxial cable. The IFs are converted to baseband frequencies, sampled, and correlated.
The correlator finds the cross product of the sampled radio signals for each possible
baseline, and converts the result to the space domain using the Fourier Transform; the
operation is much like an optical interferometer. The final result is a two dimensional
image of radio brightness or a spectral line measurement.



NO RF TELEMETRY USED

RF telemetry is not used, either for the control of the antennas or for data collection.
At the VLA, the radio signals are correlated on site, and the results recorded on
magnetic tape. The radio signals received at the VLBA antennas are sampled and the
digital results are recorded on Metrum 96 instrumentation recorders. Modified with a
Haystack Observatory design, the recorders can write nearly 500 digital data tracks on
a single 1" magnetic tape using a moveable recording head stack [5]. Because the tape
is only 15 microns thick, 5.5 km of tape can be stored on a single 14 inch reel to
permit a data rate of 9 MHz to be recorded on 32 data tracks simultaneously and
continuously for 12 hours. The tapes are shipped to the correlator at Socorro, NM, and
phased with tapes from the other sites. Accurate timing is maintained by sampling the
radio signals with a 32 MHz signal derived from an on-site maser clock, and by an
identification header included with each frame of data on the tape. Because the data
are written synchronously with the maser clock, the clock can be restored during the
read process.

Control of the VLBA antennas is via a TCP/IP connection. An Observe File is sent to
a VME-based computer system at the antenna site by a central computer at Socorro
using the Internet. The file includes switch settings to select the receiver, filters, local
oscillators, converters, tape recorder parameters, and antenna positions. To thwart
errors, the site computer updates all parameter settings frequently during an observe
session, and checks monitor points. Any error conditions discovered are reported via
Internet to the Socorro operator. Out-lined boxes displayed on an off-the-shelf CRT
monitor/terminal provide the remote human interface. Called screens, the boxes
border a display of all the control and monitor functions for a functional area. The
screens are accessed via an heirarchy of menu bars that appear at the top of the
monitor. Manual commands may be given by moving the monitor cursor to the
command or command field in one of the screens using keyboard commands, by
entering values in the field if one is provided, and then selecting "Enter" on the
terminal keyboard. Since data are not transmitted via Internet, the bandwidth required
for the control and monitoring of the radio telescope is small. The Observe File can be
downloaded to the site computer before the observing session starts, so that delays
frequently seen now on local Internet nodes are typically not an important problem for
observing.

LOW HARMFUL RF LEVELS

Radio signals from celestial objects are extremely faint compared to power levels used
for RF telemetry and other communication. Observations are possible down to a
spectral power flux density incident on the antenna of as low as -300 dB(W/m²/Hz).



Such sensitivity is accomplished by correlating, that is, taking the cross-products of
the signals from each antenna. Correlation also affords some protection against
interference. The incoming wavefront from an object arrives at each antenna at
different times, so that the cross-product results in a fringe rate that varies as the earth
rotates. For many celestial radio sources, fringe filtering during correlation provides
up to 30 dB of rejection for terrestrial signals because the interfering signals have
fringe rates different from the astronomical source.

There are other aids to interference rejection. Except for satellite and airborne
emitters, man-made sources are terrestrial and thus not in the very high gain narrow
beam of the parabolic antenna used with the VLA and VLBA. Most terrestrial
interference enters antenna sidelobes near 0 dBi gain, which provides tens of dB of
interference rejection depending on the frequency being observed. Secondly
observations seldom use resolution bandwidth less than 10 KHz providing a 40 dB
increment to the spectral power flux density harmful threshold. Breaking the receiving
band into narrow frequency channels and then excising the channels with interference
is a common technique. The end result is that the harmful power density levels
incident on the antennas at the VLA vary from -204 dB(W/m²) at P-band (327 MHz)
to -152 dB(W/m²) at Q-band (46 GHz). Harmful power density levels at the VLBA
antennas are about 30 dB higher than at the VLA because the distance between the
antennas precludes correlation of terrestrial interference sources. Harmful levels for
many radio astronomy bands are listed in ITU Recommendations [6].

RF TELEMETRY INTERFERENCE TO RA BANDS

Rather than being a radio service in itself, RF telemetry is a function performed by
the various satellite and terrestrial radio services. As such, the effect of RF telemetry
on radio astronomy is the same as other uses of the radio spectrum. Since radio
communication is million's times stronger than the signal from astronomical sources,
weak out-of-band and spurious emissions can disrupt radio astronomy even in bands
set aside for passive use. In the adjacent bands, primary emissions can cause the
astronomical receiver to go into gain compression, which corrupts data in and out of
the RA band. RA frequency bands and the associated adjacent bands used for
observing at the VLA and VLBA are shown in Figure 2. Many other bands not listed
are provided for the radio astronomy service, some used by other radio observatories,
and some planned for future use at the VLA and/or VLBA.



Figure 2

RADIO ASTRONOMY BANDS AND ADJACENT FREQUENCY BANDS AT VLA AND VLBA

Band VLA Adjacent VLBA Adjacent Radio Astronomy Harmful Power Density
Band Band Band in the 0 dBi
(MHz) (MHz) (MHz) sidelobe for RA band 1

(dBW/m²)
VLA VLBA

4 72.9 - 74.7 none 73.0 - 74.6 -210 -182

P 300 - 345 300 - 345 322.0 - 328.6 -204 -175
future 609 - 613 608.0 - 614.0 -200 -171

L 1155 - 1734 1260 - 1840 1330.0 - 1427.0 -196 -166
1610.6 - 1613.8 -194 -165
1660.0 - 1670.0 -194 -165
1718.8 - 1722.2 -194 -165

S future 2000 - 2800 2290.0 - 2300.0 -189 -159 2

2640.0 - 2655.0 -189 -159 2

2655.0 - 2700.0 -189 -159
 
C 4300 - 5100 4500 - 5200 4825.0 - 4835.0 -183 -151

4950.0 - 5000.0 -183 -151
 
X 7600 - 9000 7900 - 8900 8400.0 - 8450.0 -176 -145 2

 none 10.1k - 11.3k 10.60k - 10.7k -173 -142
 
Ku 14.2k - 15.7k 11.82k - 15.63k 14.47k - 14.5k -169 -135

15.20 - 15.35k -169 -135 2

15.35k - 15.4k -169 -135
 
K 21.7k - 24.5k 21.3k - 24.7k 22.01k - 22.5k -162 -129

22.81k - 22.86k -162 -129
23.07k - 23.12k -161 -128
23.60k - 24.0k -161 -128

 
Q 40k - 50k 40k - 45k 42.50k - 43.5k -153 -116

48.94k - 49.04k -152 -115
 
W none 86k - 92k 86.00k - 92.0k -144 -106

(Future)
Notes:
1. Harmful levels are derived from spectral power flux densities recommended in ITU-R

RA.769, 1992.
2. Allocated for space research.

Terrestrial interference and natural noise limit observations at frequencies lower than
10 meter wavelength. The VLA and VLBA currently do not observe lower than the
UHF (ultra high frequency) band, though 74 MHz observations have been made and
are planned for the VLA. Although military aircraft communications are the main



problem for astronomers at the 90 cm wavelength P Band (300 - 345 MHz), RF
telemetry traffic can be found from 324 MHz to 340 MHz, much of it satellite in
origin [7]. 47 CFR International Footnote 644 urges administrations to protect the RA
at 322.0 - 328.6 MHz which contains the deuterium line at 327 MHz [8]. A narrow
RA band at 50 cm, 609 - 613 MHz, is surrounded by UHF broadcast TV, but the band
itself has been used internationally for satellite-to-satellite telemetry.

L Band, nominally 20 cm in wavelength, is a popular band with many radio services.
The band is also important to astronomy because it contains spectral lines of
importance including neutral hydrogen. Aerostat, FAA, and other radio location
equipment use the bottom end of the band up to 1330 MHz, but much of the
remaining allocations are for telemetry and other communications. For instance,
aeronautical telemetry in the band 1435 - 1530 MHz has caused gain compression at
the VLA, which means observations are compromised even though they may be
within RA bands. Land mobile telemetry from 1427 - 1435 MHz has been a constant
problem at the VLA. Satellite services such as INMARSAT, GLONASS, GPS, and
various telemetry services use parts of the band between 1530 MHz to 1670 MHz.
Two RA bands at 1610.6 - 1613.8 MHz and 1660.0 - 1670.0 MHz are tucked between
the satellite traffic to observe the various lines of the hydroxyl radical (OH) and
pulsars. Meteorological telemetry and other meteorological aides use the band 1668.4
MHz to 1710 MHz; weather balloon telemetry has interrupted observations at the
VLA. Terrestrial microwave communications prevent use of much of the spectrum
above 1710 MHz, though a band at 1718.8 - 1722.2 MHz has been allocated to
observe another OH line.

Although S band (2000 - 2800 MHz) problems are dominated by terrestrial
microwave, the Federal Communication Commission (FCC) has authorized a portion
of S band for Personal Communication Services (PCS) and additional reallocations
are proposed. PCS telecommunication including data telemetry is expected to triple
from 1998 to 2003 [9]. Direct Broadcast Satellite (DBS) emissions can be measured at
12.2 -12.7 GHz, in the VLBA Ku band (11.82 GHz - 15.63 GHz). The DBS services
is expected to expand as it grows in popularity. Microwave use in the 18 GHz and 23
GHz band is growing 20 - 30 % a year because of improved gallium arsenide
monolithic microwave integrated components (GaAs MMIC), potentially impacting K
band radio astronomy (21.7 GHz - 24.5 GHz). For example, various communications
companies are requesting allocations in K band to serve large constellations of non-
geostationary low earth orbit satellites which will permit communication to hand-held
devices any where on the globe. Intermittent interference has been monitored as high
as 43 GHz, the source thought to be satellite telemetry. At all the higher frequency
bands, interference problems are typically a result of satellite services such as
telemetry.



STRATEGY TO MITIGATE INTERFERENCE

Through this paper and other contacts, the radio astronomy service hopes to develop
understanding of its scientific mission and cooperation with radio services that use
telemetry. The radio astronomy community must continue to coordinate spectrum
management with other users of the RF spectrum, considering the increased demands
on the RF spectrum [10]. NRAO is developing a data base of spectrum usage in the
adjacent bands through a monitoring program [11] and is establishing communication
with area frequency coordinators to better plan observing strategy. In the future it may
be possible to compare observing schedules with satellite orbital information to reduce
satellite interference. The radio astronomy community also coordinates its use of the
radio spectrum through the regulatory process, and has representatives at the World
Radio Conference (WRC) and other regulatory entities.
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