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compliance with the antenna specifications for surface accuracy and pointing error; (2) simplicity 
of mass production and field installation; (3) low maintenance and high reliability.  This type of 
antenna design is commonly referred to as a king post or turning head configuration.   

 

 

 

Figure 2.  (Left) 12m antenna manufactured by Patriot Antenna Systems.  (Right) 6m antenna 
with reflectors manufactured by Andersen Manufacturing and mount designed and built at JPL. 
 

 

Antenna Pedestal  
 
The antenna pedestal construction is a rigid, welded steel cylinder designed to have (1) sufficient 
bending stiffness to maintain antenna pointing accuracy (and survival) in high wind conditions, 
and (2) sufficient interior space to house all electronic equipment.  A large marine-type door with 
a weatherproof gasket is provided for personnel and equipment access inside the pedestal.  The 
pedestal is not thermally insulated, although a solar shield can be installed on its exterior wall to 
reflect solar and ground re-radiation, if desired, to keep the pedestal at a lower temperature.   
 
Turning Head 
 
The turning head is a precision-machined assembly that contains the azimuth and elevation 
motion control mechanisms of the antenna.  The turning head is designed so the entire drive 
assembly can be pre-assembled, accurately aligned and tested in the factory before shipping the 
fully tested assembly to the site.  A precision linear actuator is used to provide rotational (tipping) 
motion about the elevation axis.  The tipping structure is not counterbalanced; the unbalanced 
weight causes constant axial loading on to the actuator to generate anti-backlash control for the 
elevation drive. The azimuth drive is a typical dual pinion, anti-backlash design that includes an 
integral pinion, fail-safe brake, drive motors, and gearbox. The antenna is capable of +/- 270 
degrees movement in azimuth and 5 - 90 degrees in elevation.  

12-m telescope                                                         6-m telescope



Telescope 
pointing 
steps

Most of these effects other 
than precession, refraction, 
and telescope-specific 
pointing corrections should 
be negligible for the DSES 
telescope at frequencies 
< 10 GHz.



Two 6-m telescopes at JPL.  Note tiny black optical 
telescope mounted at the lower edge of each dish.
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Figure 25.  Sample pointing measurement using interferometry for the 12-meter antenna 

 

4.2.2.5 Pointing Calibration 

In most cases, pointing calibrations for the DSN Array Breadboard antennas are performed in two 
steps. First antenna pointing errors are measured using the optical telescope. Such measurement 
is performed using multiple stars throughout the sky with an attempt to find a uniform distribution 
within each quadrant of the sky. Figure 26 shows the sky coverage for one instance of optical 
pointing measurement.  

 
 

Figure 26.  Sample sky coverage for a single set of optical pointing measurements 

Even a small 
optical 
telescope 
mounted on 
the radio 
telescope 
allows use of 
bright stars 
all over the 
visible sky.



11-term antenna pointing model
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the 6-meter antennas. Therefore, an eleven-term model is designed to correct for structural 
misalignment of these antennas. Even though this model was originally created for the two 6-
meter antennas, the 12-meter antenna is using the same refraction and pointing model, while 
forcing the terms P6, P9, P10, and P11 to zero. 
 
The eleven-term model determines the systematic pointing deviation at a given direction in 
azimuth/elevation coordinates in terms of delta cross elevation and delta elevation. The value of 
the calculated deviations is the difference between the apparent or observed angles and the true 
or commanded values. The total systematic pointing deviation can be written as: 
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Each of the terms P1 through P11 of the model above, defines the magnitude of a mechanical 
misalignment of the antenna structure. The following describes the mechanical aspect of such 
terms.  
 

Feed offset in cross-elevation (P1)  

The feed offset in cross-elevation (P1) is the amount of collimation error of the radio beam axis 
from the mechanical axis perpendicular to the elevation axis. The collimation of the radio beam 
axis depends on the lateral alignment of the feed and/or sub-reflector.  

 
Azimuth Encoder Offset (P2)  

The azimuth encoder offset is the fixed zero offset of the azimuth axis encoder. Note that the 
value of P2 cos(elt) is an approximation to the resulting cross elevation offsets for small values of 
P2 <= 500 mdeg, therefore the systematic model is only used to correct for the residual error in 
the azimuth offset. Large fixed offsets are corrected prior to applying the model or fitting for the 
coefficients.  

 

Axis skew (P3)  
The axis skew (P3) is the amount of axis non-orthogonality between the azimuth and elevation 
axes. The value of (P3) represents the amount of angular alignment error of the azimuth axis 
from the mechanical axis perpendicular to the elevation axis.  
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The axis skew (P3) is the amount of axis non-orthogonality between the azimuth and elevation 
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Mechanical misalignment terms
• P1:  Feed offset in cross-elevation (collimation error)

• P2:  Azimuth encoder zero offset (after any large fixed azimuth offsets removed) 

• P3:  Axis skew (non-orthogonality)

• P4:  Azimuth axis tilt in north-south direction

• P5:  Azimuth axis tilt in east-west direction

• P6:  Elevation encoder zero offset

• P7:  Elevation axis flexure (sag) in plane perpendicular to elevation axis (gravity)

• P8:  Elevation axis flexure in plane perpendicular to azimuth axis (mass asymmetry)

• P9:  Residual refraction (probably negligible)

• P10:  Azimuth encoder coupling alignment error in north-south direction

• P11:  Azimuth encoder coupling alignment error in east-west direction

Could start by setting P6, P9, P10, and P11 to zero





JPL D-47705 

34 

4.2.2.6 Pointing Performance and Stability 

During the testing period of the DSN Array Breadboard, various antenna-pointing measurements 
were performed to determine the pointing performance as well as pointing stability of the 12-
meter and 6-meter breadboard antennas. Multiple measurements of the 12-meter antenna 
showed consistent pointing performance with a standard deviation of less than 5 millidegrees in 
both cross-elevation and elevation axes. Changes in the 12-meter pointing behaviors and model 
coefficients were noticed only after the structure was modified with a motorized sub-reflector. 
Figure 28 shows the pointing performance of the 12-meter antenna. 

 
 

Figure 28.  Measured pointing accuracy of 12-meter breadboard antenna 

The two 6-meter antennas show slightly higher total pointing error with standard deviations of 
approximately 15 millidegrees for antenna #1 and 12 millidegrees for antenna #2. Figure 29 
shows the pointing performance of the 6-meter antennas. Furthermore, multiple measurements of 
the 6-meter antennas indicate consistent and repeatable pointing only during periods up to a few 
months in duration. Over longer periods, changes in pointing behavior and therefore model 
coefficients were noticed. It was determined that these pointing changes were caused by the 
encoder coupling system employed in the 6-meter antennas. The encoder couplings were 
redesigned in an attempt to increase the stability of 6-meter antenna pointing.  However, there 
was insufficient time available to collect long-term data to verify the effects of this change.  

1 mdeg = 

3.6 arcsec
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Receiver temperature
Hot and cold loads needed for absolute calibration.

connect to the brass rods of the dipole.  The

Once Trcvr is known, we can 
calibrate a noise diode for 
near-continuous monitoring 
of receiver temperature.

With fast switching, noise 
diode can also be used to 
correct for receiver gain 
fluctuations.



Aperture Efficiency
Need calibrated noise source (hot/cold loads or lunar observations) 
so Tant can be measured.

Need a radio source with known flux density S in Jy.  Could use  
Cas A, Tau A, Cyg A, and possibly Jupiter or Venus near inferior 
conjunction.  

4 Hafez et al.

Table 1. Specification of the VSA in the compact and extended configurations.

Compact Extended

Declination range −5 to +60 −5 to +60
Number of antennas (baselines) 14(91) 14(91)

Range of baseline lengths 0.20 m to 1.23 m 0.6 m to 2.5 m
Centre frequencies 34 GHz 33, 34 GHz

Bandwidth of observation 1.5 GHz 1.5 GHz
System temperature, Tsys ≈ 35 K ≈ 35 K

Mirror diameters 143 mm 332 mm
Primary beam (FWHM) 4.6 2.0

Synthesized beam (FWHM) ≈ 17 arcmin ≈ 11 arcmin
Range of angular multipole (l) 150 to 900 300 to 1500

Point source sensitivity ≈ 36 Jy s1/2 ≈ 6 Jy s1/2

Temperature sensitivity per beam ≈ 40 mKs1/2 ≈ 15 mKs1/2

Polarization linear (vertical) linear (vertical)
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Figure 1. The brightness temperature spectrum of Jupiter.(a)
The spectrum covering 0.1 to 300 GHz from published data; cy-
clotron emission dominates the lower frequencies and thermal
emission the higher frequencies. (b) The spectrum centred around
30 GHz showing the accurate observations from WMAP (Page et
al. 2003). Models by Gulkis et al. (1974) and Winter (1964) show
the effect of ammonia absorption. For the model of Winter (1964),
we used values of Tc = 168 K and Pc = 2 atm.

comprising 6.5 K of O2 emission and 1.0 K water vapour
emission, equivalent to 3mm precipitable water vapour. A
similar factor relating the intensity of the astronomical sig-
nal arriving at the antenna from an elevation E to that which
it would have been at the zenith is

f2 = [e−τ(E)]/[e−τ(z)] (3)

= 1 − τ (z)(cosecE − 1).

For the relevant model atmosphere above Izaña the at-
mospheric temperature is 260 K, so with Tatm(z) = 7.5 K,

f2 = 1 − 0.028(cosecE − 1). (4)

The final correction to the source observations for the
atmosphere, to first order in (cosecE − 1), is

f = f1 × f2 = 1 − 0.26(cosecE − 1). (5)

Since the VSA is restricted to elevations above 50◦, the
corrections are less than 7% and the approximations in the
expressions for f , f1 and f2 are valid. In each pair of observa-
tions for a flux density comparison, each source is corrected
for elevation as in equation (5) and the source ratio corrected
to the zenith is obtained.

A convincing demonstration can be made of this cali-
bration technique. The quality of the data corrected as de-
scribed above can be assessed by intercomparing the 3 cali-
brators Jupiter, Cas A and Cyg A, all observed near transit
and spread over the period 2002 to 2004. Fig. 2 shows plots of
the observed flux density of Cyg A and Cas A using Jupiter
as a calibrator. A similar plot for Tau A is given in Fig. 9
below. The daily scatter in the fluxes measured relative to
Jupiter is seen to be < 1% . The level of thermal noise in a
typical daily measurement is ∼ 0.1 Jy while the daily scat-
ter is ∼ 1 − 2 Jy, thus the variations are dominated by the
atmosphere. In the case of Cyg A and Cas A, the time dif-
ference between the source and Jupiter observation can be
as large as 12hr. For Tau A, where the time difference is
smaller (< 6hr) over this period, the scatter was < 0.5%.

Since the main contributor to the scatter is atmospheric
water vapour emission, the 1% scatter corresponds to 1%
of set noise within the AGC system, which is 0.35 K. At
33 GHz this temperature scatter corresponds to 1 mm pwv
(Danese & Partridge 1989). Some of the implications of this

c⃝ 2008 RAS, MNRAS 000, 1–??
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Figure 13. (a) The brightness temperature spectrum of Venus
from the literature. The full line shows the least-square best fit
slope between 10 and 100 GHz which gives a Tb spectral index
at 33 GHz of −0.278 ± 0.026.
(b) The brightness temperature spectrum of Saturn from the lit-
erature.

where the temperature is ∼750 K. The higher GHz frequen-
cies arise in successively higher levels in the Venusian atmo-
sphere where temperatures are lower. The slope of the Tb

spectrum at 33 GHz, estimated from a best fit to the range
10 to 100 GHz, is −0.278± 0.026 (the temperature spectral
index, β, is related to the flux density spectral index, α, by
β = α − 2).

4.5.2 Brightness temperature variation with illumination

Fig. 14 shows the 33 GHz brightness temperature of Venus
as a function of illumination for the period August 2002 to
September 2004. During this period, Venus went through 1.5
Synodic cycles. Data are shown separately for eastern and
western illumination, corresponding to times when the Venu-
sian surface was entering or leaving the long period of dark-
ness. No difference is seen between these two phases of illu-
mination of more than 2 K ( 0.3 %). The variation of bright-

Figure 14. The brightness temperature of Venus plotted as func-
tion of illumination for the period August 2002 to September
2004. Filled circles show eastern illumination (surface entering
darkness) and open circles show western illumination (leaving
darkness). The full line is the best linear fit to the data corre-
sponding to +1.5 ± 1.4% change from zero to full illumination.

ness temperature with illumination suggests a weak increase
of temperature with illumination of +1.5±1.3% (6.9±6.0 K)
from zero to full illumination.

4.6 Saturn

Saturn is used as a secondary calibrator by the VSA. For
accurate measurements the effect of the rings must be taken
into account. The rings themselves emit with a brightness
temperature of 10-20 K and also block out the emission from
the disk of Saturn (see for example Janssen & Olsen 1978,
Conway 1980; Ulich 1981). As a consequence, the effective
brightness temperature of Saturn varies with the tilt angle
B (the Saturnicentric latitude of the earth). We present data
for the period June 2002 to August 2003.

4.6.1 The spectrum of Saturn

The microwave spectrum of Saturn taken from the literature
is plotted in Fig. 13(b) in terms of its brightness tempera-
ture. There is some uncertainty as to the contribution of
the rings to the data presented. Since the ring effect is typi-
cally less than 5 percent, it lies within the error assigned to
most data points in Fig 13(b). The shape of the spectrum
is quantitatively similar to that of Jupiter - increasing from
≈ 130 K at mm wavelengths to 540 K at 94 cm. As in the
case of Jupiter there is evidence for the presence of ammonia
as the principle source of opacity at radio frequencies with
its inversion band at ≈ 24 GHz. At 30 GHz the frequency of
interest in the present study, the effective temperature spec-
tral index is β = 0.00±0.05. At frequencies of 10− 43 GHz,
β = −0.07±0.05, while at 10−200 GHz, β = +0.041±0.015.

4.6.2 Secular variation of Saturn at 33 GHz

The VSA programme gave an accurate data set for the inte-
grated flux density of Saturn extending from 29 June 2002
to 02 August 2003. During this period the tilt angle moved
between B = 26◦ and 27◦ with a quasi - annual period.
The brightness temperature is then calculated by assuming
the observed flux density arises from Saturn’s disk whose

c⃝ 2008 RAS, MNRAS 000, 1–??
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Aperture Efficiency
For a uniformly bright disk (moon or planet) and a 
gaussian telescope beam, the measured antenna 
temperature is reduced by:
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 x
-2

 [1 – exp(-x
2
)] ,  where x = sqrt(ln 2) [(DISK / (HPBW ] ()3) 

for a uniformly bright circular disk and a Gaussian antenna beam.  This is the factor by which the 
measured antenna temperature is reduced due to partial resolution of the source (planet) by the 
antenna beam (Ulich, et al., 1980; Ott, et al., 1994). 

 

A2 Signal Processing - Interferometry 
 

Sections 3.3 and 5 describe the signal processing system, its capabilities and function. The signal 
processing system can be used as an instrument to support calibrations of antennas using cross 
correlation from two antennas. A cross correlation interferometer fringe measures product of 
signal from the two antennas. Further, interferometer fringes, using correlator outputs from 3 
baselines formed using 3 antennas can be used to estimate amplitude and phase for individual 
antenna. These amplitude estimates are much less sensitive to receiver gain changes and 
system temperature variations due to atmospheric attenuation changes than single dish 
measurements. Therefore a 3 antenna correlator measurements provide a sensitive way to make 
antenna signal amplitude measurements and we have used these measurements for making 
antenna beam shape and focus (subreflector position) variation/optimization measurements. To 
utilize this approach we developed several software programs to control and coordinate antenna 
pointing, subreflector axial position location, and record and analyze the data as described in 
sections 3.4 and 4. 

 

Tant =  Aphysical SJy 10-26 /  2 k

Calculate expected antenna temperature:

Efficiency is just measured Tant divided by predicted Tant



Cas A and 
Tau A are 
supernova 
remnants 
that are 

fading with 
time as they 

expand
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Figure 2. VSA flux density measurements of Cyg A and Cas A
calibrated by Jupiter over the period 13 March 2001 to 9 August
2004. The solid lines are least-square fits to the data.

high level of stability in the atmosphere is included in the
discussion of individual sources in sections 4.1 to 4.3.

4 DERIVED SOURCE PARAMETERS

We now derive the flux density and/or brightness temper-
ature of our calibration sources at 33.0 GHz relative to
Jupiter.

Since our results are most useful to the community
working in the ∼ 10 GHz wide band around 33 GHz,
we have derived a spectral index for that range from flux
densities in the literature (plus our new determinations).
The brightness temperature spectrum of Jupiter has already
been discussed in Section 3.3. We extrapolated all the VSA
data to a common frequency of 33 GHz using the spectral
indices derived from the literature.

For several of the sources in our study, data are available
for time spans between 1 and 4 years. These accurate data
are used to investigate source variability at high precision.

4.1 Cygnus A

Cyg A is a radio source associated with a double galaxy at a
redshift of z = 0.056 containing a central core and hot spots
at the outer ends of diffuse radio lobes. The overall extent is
2.1 arcmin and is effectively unresolved in the compact and
extended VSA arrays. No variability has ever been reported
for Cyg A at any wavelength.

Figure 3. The flux density spectrum of Cyg A from 10 MHz to
100 GHz; the low frequency turnover is due to Galactic free-free
absorption.

Table 2. Cassiopeia A flux density for epochs 1965 and 2000.

Frequency S1965 S2000 Secular decrease
GHz Jy Jy % per year

1.405 2439±50 1970±50 0.67
1.415 2470±50 1885±40 0.67
1.44 2328±50 1793±40 0.66
1.44 2367±20 1813±55 0.66
3.15 1258±38 1030±30 0.62
3.2 1279±58 1008±45 0.61
4.08 1084±26 860±20 0.59
6.66 684±20 548±16 0.57
8.25 615±22 497±18 0.55
10.7 468±0 388±0 0.54
13.49 394±13 323±11 0.53
14.5 367±10 310±9 0.52
15.5 376±18 309±15 0.51
16 354±11 292±9 0.51

22.28 285±10 236±9 0.49
32 224±6 192±5 0.47
33 211±5 183±5 0.47
86 115±4 100±4 0.41
87 109.4±0 95.4±0 0.41
140 78.3±7 69.1±6.2 0.38
250 51.8±5.6 47.2±5.3 0.36

The radio spectrum of the integrated emission of Cyg A
taken from literature is shown in Fig. 3. There are several
changes of slope in the spectrum over the frequency range 0.1
to 100 GHz; one is at ∼ 0.5 GHz and another is at ∼ 3 GHz.
The slope of the section 5-100 GHz, which includes 33 GHz,
is −1.208± 0.017. We recommend this as the spectral index
at 33 GHz. This value may be compared with −1.244±0.014
given in Table 3 of Baars et al. (1977) at similar frequencies.

Observations of the calibration sources Cyg A, Cas A,
and Jupiter were analysed for the period March 14 2001 to
4 May 2004. The flux density of Cyg A calibrated by Jupiter
(assumed to have a brightness temperature of 146.6 K at 33
GHz) over this period is shown in Fig 2. In this period the
RA of Jupiter ranged from RA=08h to 12h so observations
were typically separated by 8-12 hr. The 1% scatter in the
derived flux density of Cyg A was due to the atmosphere
(mainly water vapour) over this time range. The mean flux
density at 33 GHz was found to be 36.4±0.2 Jy.

c⃝ 2008 RAS, MNRAS 000, 1–??



Receiver stability
For total power measurements, sensitivity is 
almost always limited by receiver stability 
(1/f noise) and not by thermal noise!
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