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Abstract—A wideband Radio Telescope was designed and built
for use in the Goldstone Apple Valley Radio Telescope (GAVRT)
program. It uses an existing 34-m antenna retrofitted with a ter-
tiary offset mirror placed at the vertex of the main reflector. It
can be rotated to allow using two feeds that cover the 0.5–14-GHz
band. The feed for 4.0–14.0 GHz is a cryogenically cooled, commer-
cially available, open-boundary quadridge horn from ETS-Lind-
gren. Coverage from 0.5 to 4.0 GHz is provided by an uncooled
lower frequency version of the same feed that uses a cooled LNA.
The measured aperture efficiency is greater than 40% over much
of the band.

Index Terms—Noise temperature, quadridge horn, radio tele-
scope, reflector antennas, wideband feeds.

I. INTRODUCTION

T HE Goldstone Apple Valley Radio Telescope (GAVRT)
outreach project is a partnership involving NASA, the

Jet Propulsion Laboratory (JPL), the Lewis Center for Ed-
ucational Research (LCER), and the Apple Valley Unified
School District., located east of Los Angeles, CA, near the
NASA Goldstone deep space communication complex. This
educational program currently uses a 34-m antenna, DSS12,
at Goldstone for classroom radio astronomy observations via
the Internet. The GAVRT program [1] introduces students in
elementary, middle, and high school to the process of science
with the goal of improving science literacy among Amer-
ican students. The current program utilizes DSS12 in two
narrow frequency bands around S-band (2.3 GHz) and X-band
(8.45 GHz) and is used by a training program involving a large
number of secondary school teachers and their classrooms.
There is currently a great deal of work going on to develop
the next generation Radio Astronomy telescopes, the most
notable being the Square Kilometre Array (SKA) [2]: The SKA
is considering the use of aperture arrays (AAs), phased array
feeds (PAFs), as well as wideband single-pixel feeds. However,

Manuscript received January 03, 2010; revised January 30, 2011; accepted
January 31, 2011. Date of publication March 14, 2011; date of current version
June 02, 2011. This work was carried out at the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, Pasadena, under a contract with the National
Aeronautics and Space Administration.

W. A. Imbriale is with the Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, CA 91109 USA (e-mail: imbriale@jpl.nasa.gov).

S. Weinreb, G. Jones, and A. Akgira are with the California Institute
of Technology, Pasadena, CA 91125 USA (e-mail: sweinreb@caltech.edu;
jones_gl@caltech.edu; ahmed@caltech.edu).

H. Mani is with Arizona State University, Tempe, AZ 85287 USA (e-mail:
mani@gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2011.2123863

since a 34-m antenna was provided to the project at no cost,
only wideband feeds for reflector antennas were considered.
Also, as the budget was very limited, and only one beam was
required, a PAF was not deemed appropriate for this project.
The systems coming closest to the planned GAVRT system are
probably the ATA [3] or the MeerKat [4] telescopes. However
neither of these telescopes is planned for Educational research.
To expand the GAVRT program, a joint JPL/LCER project
was started in mid-2006 to retrofit an additional existing 34-m
beam-waveguide antenna, DSS28, with wideband single-pixel
feeds and receivers to cover the 0.5–14-GHz frequency bands.

The DSS28 antenna was designed as part of the JPL Antenna
Research System Task described in [5]. The antenna has a
34-m diameter main reflector, a 2.54-m subreflector, and a set
of beam waveguide mirrors surrounded by a 2.43-m tube. The
antenna was designed for high power and a narrow frequency
band around 7.2 GHz. The performance at the low end of the
frequency band desired for the educational program would be
extremely poor if the beam waveguide system was used as
part of the feed system. Consequently, the 34-m antenna was
retrofitted with a tertiary offset mirror placed at the vertex of
the main reflector. The tertiary mirror can be rotated to allow
using two wideband feeds that cover the 0.5–14-GHz band.
The feed for 4.0–14.0 GHz is a cryogenically cooled, com-
mercially available, open-boundary Quadridge horn (Model
3164-05) from ETS-Lindgren [6]. The wideband cryogenic
LNA [7] has a gain of 35 dB and a noise temperature of 5 K
over the majority of the frequency band. The computed aper-
ture efficiency is greater than 40% over most of the band and
greater than 55% from 6 to 13.5 GHz. The actual measured
efficiency was a bit less ( 40% over most of the band) because
of some mirror misalignments and a worse-than-predicted
main reflector surface RMS. Coverage from 0.5 to 4.0 GHz is
provided by an uncooled, larger version of a similar Lindgren
feed (Model 3164-06). This paper will describe the wideband
radiometric receiver front-end with emphasis on the feed and
optical system.

This paper is a follow on to [8], which describes the RF de-
sign of the telescope. The paper adds information on the low
frequency feed, describes the installation of the hardware on the
telescope, and most importantly, gives the measured efficiency
and noise temperature on the telescope itself.

II. RADIO ASTRONOMY APPLICATIONS OF THE SYSTEM

Previously, GAVRT only had access to narrow bandwidth
S- and X-band radiometers with limited scientific potential. In
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contrast, DSS-28 has been outfitted with a novel wide band-
width receiver which enables a wide range of scientific cam-
paigns, encouraging broader participation from the scientific
community. The scientific observations that are enabled by the
0.5–14-GHz frequency range are the following.

1) Quasar variability study: Long-term flux monitoring at
multiple frequencies can help to understand intrinsic vari-
ability versus effects of the interstellar medium.

2) Jupiter quest: Long-term flux measurements to study syn-
chrotron emission from Jupiter.

3) Giant pulses from the crab pulsar: Wide bandwidth pro-
vides new insight into this phenomenon. Long-term statis-
tical study will be combined with gamma-ray data from the
Fermi telescope to look for correlation.

4) Spectral lines: Many spectral lines can be simultaneously
observed. This could be used to search for radio sources
and to monitor molecular masers which may vary on week
to month timescales.

III. SYSTEM DESIGN

The complete system involves the reflector, subreflector,
tertiary reflector, feed, cryogenics subsystem, low noise am-
plifiers, noise calibration system, frequency converters, digital
spectrometers, continuum signal processing, and monitor and
control system. Only the optics design, tertiary mirror, feeds,
cryogenics, and LNA will be discussed in this paper. Further
information on the rest of the system can be found in [9]. The
main parameters of this front-end are the antenna efficiency
and the system noise temperature . The goal was an of

from 1 to 14 GHz and a maximum of 55 K over
the band with 35 K as a goal.

In order to meet the above requirement, the wideband
feed (which has more ohmic and mismatch loss than a typ-
ical narrow band feed such as a corrugated horn) needs to be
cryogenically cooled, at least for frequencies above 4 GHz. The
baseline approach will utilize two feeds, a commercially avail-
able feed to cover the 4–14-GHz range which is cryogenically
cooled and a second feed (a scaled version of the higher fre-
quency feed) which is not cryogenically cooled. However, even
though the lower frequency feed is not cooled, the LNA ampli-
fier is cooled.

The wideband LNA’s required for the system have been under
development for many years and over 100 units of the type
used in this system have been assembled, tested at 15 K, and
utilized in radio astronomy and physics research systems [4].
When cooled to 15 K, the noise is under 5 K from 1 to 12 GHz
when driven from a 50- generator.

IV. OPTICS DESIGN TRADEOFFS

The antenna to be retrofitted is a 34-m beam waveguide an-
tenna designed as part of the JPL Antenna Research System
Task described in [5]. The original antenna geometry used a
beam waveguide feed system that consisted of a paraboloid and
three flat mirrors. The radiation from the feed horn is allowed
to spread to the paraboloid, where it is focused to a point at in-
finity. Hence, after reflection, a collimated beam exists that is
directed to the subreflector by the three flat reflectors. The en-

ergy is contained in the 2.743-m diameter of the BWG tube and
does not begin to spread significantly until it exits through the
main reflector. Since a collimated beam exists beyond the first
mirror, this antenna is closely related to a near-field Cassegrain
design, where the feed system is defined to include both the feed
horn and a parabolic mirror.

Because of the near-field Cassegrain design, both the main
reflector and the subreflector are nominally paraboloids,
with dual-reflector shaping used to increase the illumination
efficiency on the main reflector by compensating for the am-
plitude taper of the feed radiation pattern. The design of the
dual-shaped antenna is based upon geometrical optics, with the
shape of the subreflector chosen to provide for uniform ampli-
tude illumination of the main reflector, given the distribution
of the radiation striking the subreflector. The curvature of the
main reflector is then modified slightly from that of the parent
paraboloid to compensate for any phase errors introduced by
the subreflector shaping.

The antenna was designed for high power and a narrow
frequency band around 7.2 GHz. The performance at the low
end of the frequency band desired for the educational program
would be extremely poor if the beam waveguide system was
used as part of the feed system. Hence, several redesign op-
tions to enable improved performance on the low frequency
without the use of the beam waveguide itself were examined
as described in [8]. They included: 1) redesigning the subre-
flector and using the broadband feed in a dual reflector system;
2) using a symmetric 2.54-m reflector tertiary reflector placed
at the dish vertex; 3) using a 90 2.54-m offset design tertiary
reflector at the dish vertex; 4) replacing the upper flat mirror
with a parabola and placing the feed in the upper portion of the
beam waveguide tube; and 5) using a 60 2.3-m tertiary mirror
at the dish vertex. Relative performance was computed using
an idealized feed pattern that approximated the type of feed to
be used.

Purely from an efficiency standpoint, the feed placed at the
focal point of a shaped dual reflector antenna was best. However,
since the optics design of the existing system did not have a us-
able focal point, the subreflector would have to be replaced with
one with an appropriate design and the main reflector panels
reset for the new subreflector design. Also, since the feed has a
very broad pattern, the feed would need to be placed near the
subreflector necessitating the use of a tall feed tower to sup-
port it, or hanging the feed from the subreflector. Also, it would
be difficult to access the feed system for maintenance and re-
placement. For both cost and logistical reasons, this option was
rejected.

The next best performing option was a symmetric parabola
placed at the vertex of the dish. Since the feed blockage would
be small, the only other disadvantage of this option was that it
would not be able to easily switch between feeds if, to cover
the frequency band, more than one feed would be required. The
offset options allowed the use of a rotating reflector that would
be able to easily switch between multiple feeds. Since this is to
be an educational tool, flexibility and versatility are extremely
important. Hence, this option was rejected.

For the offset options, the parabola at the flat mirror position
performed poorly at the lowest frequencies. The performance
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Fig. 1. Two feeds and tertiary mirror at the vertex of the main reflector.

for the other two offset options was virtually identical, so the
design with the smaller parabola was selected.

Thus, the design chosen was to use an offset tertiary mirror
placed at the vertex of the main reflector as shown in Fig. 1. The
tertiary is fed by a commercially available wideband feed from
Lindgren. There are two feeds used, one for the lower band and
one for the higher band. The tertiary mirror is rotated to switch
between the feeds.

Prior to the selection of the Lindgren feed, several other feed
options were considered. The original idea was to use the Eleven
feed as described in [10]. However, when the Eleven feed was
married to the LNA and placed in a cryogenic Dewar, the noise
temperature of the feed system was unacceptably high. This was
at an early stage in the development of the feed, and the high
noise temperature was probably due to the very thin feed lines
which did not provide adequate heat transfer from the feed to
the cold stage of the cryogenic system. Since then, further work
has been done [11], but much too late for this project. The ATA
log-periodic dipole feed [12] was also considered. However, the
ATA feed had a very complex and delicate integration of the
LNA with the feed. The Lindgren feed, being all metal and quite
robust, allowed a simple integration of the feed and LNA, and
the entire feed was able to be cooled to cryogenic temperatures.

V. OPTICS DESIGN OPTIMIZATION

Amplitude and phase, copolar and cross-polar patterns of the
Lindgren feed were measured at phi angles of 0 , 45 , 90 ,
and 135 and for theta rotation angles of to in
10 steps. The data was taken for the feed with absorber strips on
the fin outer surfaces and a metal cylinder surrounding the feed.
This data was then used to optimize the design of the tertiary
reflector whose parameters are shown in Fig. 2. Of the two feed
systems, the higher priority was the high frequency feed; hence
the tertiary was optimized for the high frequency performance
accepting whatever performance resulted at the lower frequency
bands. Near the ends of the high frequency band, 4 and 12 GHz,
were selected for the optimization. The parameters to be opti-
mized were focal length, diameter, offset height, feed tilt angle,
and feed defocusing. An optimization program was used and
the parameters determined that yielded the highest peak gain.
Using the geometry shown in Fig. 2, the optimum parameters

Fig. 2. Geometry of the tertiary mirror.

Fig. 3. Comparison of the tertiary reflector optimized for 4 GHz (dark curve)
and 12 GHz (light curve).

for 4 GHz are m, m, , cm,
and cm. The optimum parameters for 12 GHz are

m, m, , cm, and
cm. Data for the Lindgren feed was taken every

50 MHz from 2 to 22 GHz and the calculated performance for
the two designs shown in Fig. 3. It should be noted that the data
shown in Fig. 3 only includes the physical optics parameters that
vary with the tertiary parameters. A more complete estimate of
performance will be given later. Since the parameters of the two
designs were so close, the optimized design at 12 GHz was used
as the final design. The performance at 4 GHz using this design
was virtually identical to its optimum design.

VI. HIGH-FREQUENCY FEED (HFF) AND TEST RESULTS

Pattern and noise measurements of the ETS-Lindgren Model
3164-05 antenna designed by Rodriguez [6] will be described in
this section. Integration of the feed with the cryogenics dewar
can have a large effect upon the performance. The mechanical
configuration is shown in Figs. 4 and 5. Other than Teflon in the
SMA connector, the feed is constructed entirely of aluminum
and no deleterious effects of the cryogenic cooling are expected.
Within the outer dewar aluminum cylinder vacuum jacket, there
is an aluminum radiation shield of diameter 24.1 cm to prevent
thermal coupling of the feed to 300 K. Thermal radiation, of
the order of 20 W, enters the window, but is mostly blocked
by a blanket consisting of 16 layers of 25- m-thick Teflon film
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Fig. 4. Cryogenic wideband feed and LNA.

Fig. 5. Integration of feed in a cryogenic dewar with 30-cm outside diameter.

separated by a mesh of fine French wedding veil. Without this
blanket, it was not possible to cool the feed below 100 K, but
with the blanket, the temperature measured on the feed was
21 K. The total thickness of Teflon is thus 0.4 mm, and with
dielectric constant of 2.1, the total electrical length is at
14 GHz, which will produce negligible reflections. The window
material is 0.35-mm MYLAR. The window electrical length of

at 14 GHz is negligible. The total force on the window
at 15 psi atmospheric pressure is 1140 lbs, which produces a
perimeter radial stress of 3097 psi compared to a 28 000-psi
yield stress for MYLAR.

The feed, the surrounding cylinder and the Eccosorb was
simulated using the CST Studio time-domain electromagnetic
simulation software. The configuration is shown in Fig. 6. The
dewar vacuum jacket inner diameter is 28 cm, the radiation
shield diameter is 24.1 cm, the dewar length from the bottom
of the feed base to the top of the dewar is 19.7 cm, and the
feed length from bottom of base to top of fin is 17.3 cm .The
Eccosorb FDS strips are 125 15 3 mm . The feed reflec-
tion coefficient without window was measured and compared
to the calculation as shown in Fig. 7. JPL has extensively used
MYLAR windows, and they have been shown to have negligible

Fig. 6. Configuration of feed simulated by CST.

Fig. 7. Feed reflection coefficient.

effect on the return loss. The 2.4-GHz ripple period in the data
would arise from two reflections spaced 6.2 cm apart, which is
of the order of the spacing of the connector to the radiating re-
gion of the slot. The feed has a built-in balun and could be better
matched with a differential LNA. Effects of the feed impedance
variation are observed in the noise data and improvements in the
noise match to the LNA for particularly important frequencies
could be implemented.

The feed patterns were measured with several different con-
figurations of surrounding structures. The feed patterns were
tested with a surrounding cylinder, the cylinder lined with ab-
sorber, and in the cylinder but with absorbing strips taped to
the outer rim. All pattern measurements were made in a small
chamber at Caltech. Efficiency calculations of the complete an-
tenna system were performed using pattern measurements with
the feed and absorber strips in a cylinder. It was found that the
pattern for illumination of a reflector could be improved by sur-
rounding the feed with an absorbing cylinder. At a later stage,
it was realized that placing absorbing strips of lossy material on
the outer surfaces of the fins could have the same effect. Currents
flowing around the outer perimeter of the fins are thus absorbed
and prevented from coupling to the surrounding cylinder. The
question is raised as to whether the absorber will deteriorate the
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Fig. 8. Comparison of computed and measured feed gain.

efficiency of the feed and add to the noise temperature. Data in-
dicating that the efficiency may not be reduced was obtained by
measuring the transmission loss from the feed to a test antenna
in an anechoic chamber. Compared to the case with no absorber,
the result shows a decrease in transmission loss at frequencies
below 3 GHz, small increase in loss from 3 to 6 GHz, and neg-
ligible effects above 6 GHz. The noise temperature contributed
by the absorber should be small if the absorber is at cryogenic
temperatures. A comparison of the computed and measured feed
gain is shown in Fig. 8. Performance of the complete reflector
system performance will be shown in a later section.

After the pattern tests, the feed was integrated with LNA’s on
both polarizations and a cryogenics dewar cooled with a closed-
cycle CTI Model 350 cryocooler. This cooler has a capacity of
2 W at 14 K and 5.5 W at the measured temperature of 21 K.
Cool-down time was approximately 6 h.

Noise temperature tests of the cooled system were per-
formed both in Pasadena, CA, and later in the Mohave Desert
at Goldstone, CA, to reduce the effects of radio frequency
interference (RFI). One polarization had a 4–12-GHz LNA,
with 39 dB gain and 10 K noise from 3 to 14 GHz increasing
to 20 K noise at 2 GHz, while the other polarization had a
modified 0.5–11-GHz LNA (labeled the 2–12-GHz LNA) , also
with 39 dB gain and 10 K noise from 3 to 14 GHz, but with
15 K noise at 2 GHz. It is possible that the intense RFI may
have affected some of the noise measurements.

The measured noise temperature results are shown in Fig. 9
for data taken in Pasadena, at Goldstone, and for the LNA alone.
The peaks in the Pasadena curve at the low frequencies and
around 11 GHz are primarily due to RFI, whereas the residual
ripple in the Goldstone curve is due to matching. The slightly
worse contribution from Pasadena (Caltech roof) is probably
due to there being more obstructions near the feed contributing
to more noise temperature from the backlobe scatter. The data
taken at Pasadena and Goldstone utilized the standard -factor
technique for measuring and then subtracting an assumed
sky contribution of 5 K. However, as seen in Fig. 10, which
shows calculated contribution (using measured feed data) from
the sky, the actual sky contribution is greater than 5 K. Fig. 10
also shows the calculated contribution from the feed backlobe.
Notice that the Goldstone curve of Fig. 9 is mostly around 20 K,

Fig. 9. Noise temperature of feed and LNA as a function of frequency for mea-
surements in Pasadena (top), Goldstone, and of the LNA alone measured at 15 K
referred to its coaxial input jack.

Fig. 10. Noise contribution from the sky and backlobe of the feed.

and the LNA about 5 K. The 15-K difference is made up of:
1) the feed backlobe of 3–5 K; 2) the 2–4 K of greater than
assumed 5-K noise for the sky; and 3) a combination of feed loss
(including edge absorber strips), losses in the couplers, Teflon
blanket, and window. The feed plus LNA noise is 35 K from
4.2 to 15 GHz and is less than 25 K in most of the band. These
results are consistent with the goals (on 34-m telescope
including sky and spillover) of 55 K up to 14 GHz and 35 K
at best frequencies.

VII. LOW FREQUENCY FEED (LFF)

This section describes the performance of the low frequency
feed (LFF). The LFF covers the 0.5–4-GHz band and is intended
to be a low-frequency version of the HFF. Consequently, the
ETS Lindgren 3164-06 (0.3–6 GHz) was selected. The feed is
not cooled, but the LNA is cooled. As with the HFF, the feed
is surrounded by an aluminum cylinder to improve the pattern.
The reflection coefficient and - and -plane patterns were sim-
ulated using the CST Studio time-domain electromagnetic sim-
ulation software. The LFF is shown in Fig. 11. The cylinder
inner diameter is 71 cm; cylinder length from bottom of feed
base to top of the cylinder is 51 cm. The cylinder top and feed
top are flush. The computed and measured return loss is shown
in Fig. 12. This feed has both a poor return loss and poor radia-
tion patterns around 3 GHz. This has a significant impact on the
telescope performance as will be shown in the following sec-
tion. The HFF has no similar problem. A long-term plan is to
replace this feed with a feed that performs more like the HFF.
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Fig. 11. Low frequency feed.

Fig. 12. LFF reflection coefficient.

The receiver system was taken to the DSS13 area of the
NASA Goldstone site, Ft. Irwin, CA, on November 29, 2007,
for tests of the receiver noise temperature by the -factor
method comparing the receiver output on a spectrum analyzer
(Agilent E4407) covering the feed with ambient temperature
absorber and then removing the absorber to view cold sky.
The feed is uncooled, but the LNA’s for both polarizations
are cooled in the small rectangular dewar placed under the
cylinder. The noise temperature of the feed plus LNA is shown
in Fig. 13. The measured system temperature implies a total
loss of 0.4 dB at 300 K in cables to the feed and in the feed.

VIII. LNAS

Fig. 14 shows the cryogenic low noise amplifier used in the
HFF system [9]. The amplifier was designed at Caltech, and the
0.1- m InP HEMT MMIC is fabricated by Northrop Grumman.
The noise is under 7 K and gains over 35 dB from 1–12 GHz
when cooled to 15 K. The input 1-dB gain compression point is
above 40 dBm, and the power consumption is 22 mW. Over
100 of these LNA’s have been constructed and are in use at other
radio observatories.

Fig. 15 shows the noise temperature versus frequency for the
SiGe low noise amplifier used in the GAVRT low frequency
(LFF) receiver [13]. Two such LNAs, one for each polariza-
tion, are cooled to approximately 60 K by a compact Stirling
cycle cooler manufactured by Sunpower; the feed and cables

Fig. 13. Feed plus LNA noise temperature. The 30 K of additional noise when
the feed is included is due to loss of coaxial lines from LNA to feed (estimate
0.2 dB), feed loss (estimate 0.1 dB), and a small amount of 300-K ground radi-
ation due to scattering from the rim of the cylinder shield.

Fig. 14. Cryogenic low noise amplifier used in the HFF system.

Fig. 15. Low frequency LNA.

the feed are uncooled. The LNA noise temperature measured at
the cold input jack is 8 K, but this is increased to 30 K by
internal thermal transitions and a vacuum coaxial feedthrough.
The external cables, losses in the feed, and antenna temperature
increase the total system noise to the 60–100 K range as shown
in Fig. 13.

IX. EFFICIENCY AND NOISE TEMPERATURE MEASUREMENTS

The methodology for the efficiency and noise temperature
measurements is described in [6]. The results will be summa-
rized here along with a comparison to the computed results.
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Fig. 16. Computed performance of the HFF showing loss components.

The calculated data shown in Fig. 3 only included the phys-
ical optics parameters that would vary with the tertiary param-
eters. It did not include some of the other losses present in the
complete antenna system such as blockage and RMS error. A
more complete efficiency estimate is shown in Fig. 16 for the
high frequency feed. It includes a calculation using the mea-
sured feed patterns along with a comparison using the calculated
feed patterns.

The measured efficiency of the High Frequency Feed was de-
termined by measuring the response of the system to the radio
galaxy 3C405 and Venus. The 3C405 measurements were made
at an elevation of approximately 23 , while those on Venus were
made at approximately 62 . After correcting any pointing off-
sets by manually peaking the response of the telescope on the
source, the telescope was moved off source by one degree in
cross elevation. The high-power noise calibration signal was
pulsed to measure the system gain, and then the telescope was
commanded to scan through the source in cross elevation at a
fixed rate. Finally, at the end of the scan, the noise source was
pulsed again. To process the data, the system gain was estimated
from the calibration signal responses using a lookup table to de-
termine the calibration signal value in Kelvin. A Gaussian was
then fit to the scan data including a constant offset for the system
temperature and a linear baseline to account for drift during the
scan. The peak of the Gaussian provided the antenna tempera-
ture of the source, and the width of the Gaussian was used to
compute the beamwidth. The measured beamwidth on Venus
and the radio galaxy Cygnus A (3C405) is shown in Fig. 17. The
beamwidth computed from (a standard rule of thumb)
is plotted for comparison. Notice that the beamwidth becomes
comparable to the angular extent of Cygnus A at around 10 GHz.

Fig. 18 compares the measured efficiency of the high fre-
quency feed to the calculated performance using the measured
feed patterns. The efficiency data is an ensemble of several
sources and several elevation angles. The wide spread in
the measured data is primarily due to RFI. There was some
misalignment in the tertiary mirror (measured using pho-
togrammetry) and the effect of the misalignment is included in
the calculated data and accounts for the difference between the
data shown in Fig. 16. The misalignment accounts for about a

Fig. 17. Beamwidth of the DSS-28 high frequency feed measured on Venus
and the radio galaxy Cygnus A (3C405).

Fig. 18. Comparison of computed and measured efficiency for the HFF.

Fig. 19. Measured noise temperature of the HFF on DSS-28.

5% loss at the higher frequencies and will be recovered when
the system is realigned. The measured data is in excellent
agreement with the calculated data.

Fig. 19 shows the measured noise temperature of the HFF on
DSS-28. Comparing Fig. 19 to Fig. 9, it can be seen that the
antenna noise temperature contribution is less than 10 K, which
is typical for the 34-m antennas in the Deep Space Network.

Fig. 20 shows the aperture efficiency, and Fig. 21 the system
temperature of the Low Frequency Feed measured on Cygnus
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Fig. 20. Computed and measured performance of the low frequency system at
DSS-28.

Fig. 21. System noise temperature of the LFF.

A (3C405). The sharp cutoff in the efficiency measured on po-
larization is due to a low pass filter installed between the
feed and LNA to combat RFI. The calibration signal was in-
jected after the filter so the system temperature could be mea-
sured above the filter cutoff frequency. The linear drop in effi-
ciency below 1 GHz is a result of the secondary reflector being
too few wavelengths across and is clearly displayed in the cal-
culated data. The large scatter in the points is largely due to RFI,
which is especially problematic in this frequency range due to a
nearby 34-m DSN antenna that transmits S-band. The effect of
the poor feed performance at 3 GHz can also be clearly seen in
the measured data. It is clear from the calculated and measured
data that the low frequency feed did perform as advertised and
consequently did not act like a scaled version of the HFF.

X. CONCLUSION

A 34-m antenna was retrofitted with a tertiary offset mirror
placed at the vertex of the main reflector. The tertiary mirror can
be rotated to allow using the two feeds that cover the 0.5–14-GHz
band. The feed for 4.0–14.0 GHz is a cryogenically cooled,
commercially available, open-boundary Quadridge horn from
ETS-Lindgren. The wideband cryogenic LNA has a gain of

35 dB and a noise temperature of 5 K over the majority of the
frequency band. Coverage from 0.5 to 4.0 GHz is provided by an
uncooled, lower frequency Lindgren feed. The computed aper-
ture efficiency of the high frequency feed is greater than 40% over
most of the band and greater than 55% from 6 to 13.5 GHz. The
actual measured efficiency was a bit less ( 40% over most of the
band) because of some mirror misalignments and a worse-than-
predicted main reflector surface RMS. The measured zenith
noise temperature is below 35 K from 4.3 to 10.5 GHz.

The low frequency feed suffers significantly from RFI and the
fact that the tertiary mirror is too small for frequencies below
1 GHz. Also, the low-frequency Lindgren feed did not perform
as advertised. The low frequency feed will probably be replaced
with a version that performs closer to its higher frequency model
It should be noted, however, that the LFF should still be quite ef-
fective for observing giant pulses from the Crab pulsar because
the flux from the surrounding nebula is so great that it will still
dominate the system temperature despite the low efficiency.
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