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Abstract—The  National  Aeronautics and  Space
Administration (NASA), Jet Propulsion Laboratory (JPL)-
Deep Space Network (DSN) subnet of 34-m Beam
Waveguide (BWG) Antennas was recently upgraded with
Ka-Band (32-GHz) frequency feeds for space research and
communication. For normal telemetry tracking a Ka-Band
monopulse system is used, which typically yields 1.6-mdeg
mean radial error (MRE) pointing accuracy on the 34-m
diameter antennas. However, for the monopulse to be able
to acquire and lock, for special radio science applications
where monopulse cannot be used, or as a back-up for the
monopulse, high-precision open-loop blind pointing is
required. This paper describes a new 4™ order pointing
model and calibration technique, which was developed and
applied to the DSN 34-m BWG antennas yielding 1.8 to 3.0-
mdeg MRE pointing accuracy and amplitude stability of 0.2
dB, at Ka-Band, and successfully used for the CASSINI
spacecraft occultation experiment at Saturn and Titan. In
addition, the new 4™ order pointing model was used during a
telemetry experiment at Ka-Band (32 GHz) utilizing the
Mars Reconnaissance Orbiter (MRO) spacecraft while at a
distance of 0.225 astronomical units (AU) from Earth and
communicating with a DSN 34-m BWG antenna at a record

errors, ground tilt (seismic and diurnal motion), and pointing
measurement errors.

The traditional systematic pointing error correction model,
which is mathematically a 1st order model and typically has
6 to 8 mathematical terms (Fig 1.), is a physical model
which was originally developed by Peter Stumpff [1]. This
paper describes a new pointing model that is mathematically
of 4th order (Fig 2.). The new 4th order pointing model was
devised as a result of noticing systematic error residuals
remaining in the data after applying the conventional 1st
order model. the model was derived by expanding the
spherical harmonics, which are related to the associated
Legendre polynomials (equations 1& 2), to the 4th order
and resulting in 59 mathematical terms:
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1. INTRODUCTION

The sources for pointing errors of a large reflector antenna
which are related to this work are due to atmospheric
refractivity, gravitationally induced structural deformation,
antenna geometry (axes and mirror misalignments for a
beam waveguide (BWG) antenna), azimuth track level
errors, azimuth encoder ring gear errors, elevation encoder
coupling  hysteresis, thermally induced structural
deformation, wind-induced structural deformation & servo
1

' 978-1-4244-2622-5/09/$25.00 ©2009 IEEE.
2 [EEEAC paper #1738, Version 1, Updated 2009:01:07

Figure 2. A 4th order model derived for an antenna
elevation axis

Figures 1. and 2., show the derivation of a 1% and 4" order
pointing model (respectively) from the same set of gathered



data for a NASA-JPL-DSN 34-m BWG antenna (DSS-25)
and resulting in a residual errors of 2.7-mdeg and 1.5-mdeg
respectively for the 1% and 4™ order models and indicating
an approximate 2 to 3 times improvement for the 4™ order
model. This improvement ratio turns out to be critical
especially for tracking the NASA spacecrafts at Ka-Band
frequencies (26 to 32 GHz).

This ratio of improvement was substantiated by field
demonstration tracking the NASA spacecrafts.

2. DSN KA-BAND POINTING REQUIREMENTS

The pointing accuracy of an antenna, often referred to as its
blind-pointing performance, is the difference between the
calculated (or commanded) beam direction and the actual
beam direction. The error has random and systematic
components. The systematic component is that which is
assumed repetitive and therefore can be modeled. This
paper concentrates on this systematic component of the
antenna pointing. The first of these errors includes the
computational errors and uncertainties associated with the
radio sources used to calibrate the antenna, and the location
of the spacecraft provided by its navigation team. The
second has many components associated with converting a
calculated beam direction to the physical positioning of a
large mechanical structure. Included are such things as
atmospheric wind and refraction effects, servo and encoder
errors, thermally and gravitationally induced structural
deformation, azimuth track leveling (for an azimuth-
elevation antenna), and both seismic and diurnal ground tilt.

Blind pointing is modeled by assuming equal pointing
performance in the elevation (EL) and cross-clevation
(X-EL) directions. That is, the random pointing errors in
each direction have uncorrelated Gaussian distributions with
the same standard deviation. This results in a Rayleigh
distribution for pointing error where the mean radial error is
1.2533 times the standard deviation of the EL and X-EL
components. For a Rayleigh distribution, the probability that
the pointing error will be less than the mean radial error
(MRE) is 54.4%, which is equivalent to a cumulative
distribution (CD) = 54.4%. A CD of 90% implies that 90%
of the time, the pointing error or pointing loss will be less
than the value specified. For simplicity, we will specify all
pointing performances in this paper in terms of MRE.

One can gain a better appreciation of the implications of
these pointing errors reduction by considering the
corresponding antenna gain loss associated at Ka-Band (32
GHz). These values are presented in Table 1, which covers
the current technology capability of the DSN antennas.

The DSN pointing requirements at Ka-Band depend on the
application of the ground segment support. For Radio
Science observations to achieve its desired amplitude
stability of 0.2-dB [2], a 2-millidegree (mdeg) mean radial

error (MRE) pointing accuracy is required (see Table 1.) to
ensure reliable Ka-band optical depth measurements over
tenuous ring regions. A 2.5 mdeg all-sky pointing accuracy
would be needed for the detectability of quasars for
navigation delta-differential one-way ranging (delta-DOR)
[3], Earth rotation, and clock synchronization.  For
spacecraft tracking which can utilize the monopulse, a 10-
mdeg pointing accuracy is required to enable the monopulse
capture range to lock on the spacecraft radio frequency (RF)
signal carrier.

Ka-Band monopulse-aided pointing uses a monopulse
tracking coupler within the cryogenic feed package to
establish a feed pattern with a theoretical null on axis. The
magnitude of the pointing error is proportional to the
magnitude of the signal received by this pattern, and the
azimuthal error is proportional to the phase difference
between the sum and difference outputs of the coupler.
Thus, by measuring the complex ratio of the sum and
difference signals, pointing corrections can be generated to
command the antenna servo system to drive the pointing
error to zero. The system achieves its specified performance
when the ratio of the signal in the sum channel (that is, the
signal from which tracking and telemetry information will be
derived) to the noise level in the difference channel is 26
dB-Hz. The monopulse pointing performance on the 34-m
BWG antennas at Ka-Band (32 GHz) is 1.6-mdeg when the
signal-to-noise ratio (SNR) is greater than 26 dB-Hz. This
performance level (which is also the requirement) is based
on 3% (0.11 dB) power loss for telemetry. A 3 mdeg
pointing error produces 10% (0.4-dB) power loss and can
cause complete loss of telemetry signal. Based on the limits
set by the 34-m BWG structural design, wind, thermal
effects, servo performance, and as a backup for the
monopulse, a committed capability for an all-sky 4-mdeg
MRE performance was set.

Table 1. 34-m Diameter Antenna Gain Loss at 32-GHz
Due to Pointing Errors

MRE’ Pointing Loss”  SNR reduction”™”
(mdeg) (dB) (dB)

1.5 0.085 0.1

2.0 0.16 0.21

3.0 0.33 0.42

4.0 0.65 0.85

6.0 1.5 2.0

8.0 2.6 4.0

*  MRE: Mean Radial Error
** Pointing Loss: based on the Bessel function

*** SNR reduction: takes into account statistical variation



Table 2. 1* Order Pointing Model Parameters

1 1 0 AZ collimation (a.k.a. Xel)

2 cos(el) 0 AZ encoder fixed offset

3 sin(el) 0 AZ/EL skew

4 sin(el)cos(az) —sin(az) AZ axis tilt (E-W component)

5 sin(el)sin(az) cos(az) AZ axis tilt (N-S component)

6 sin(az) sin(el)cos(az) Source Dec error

7 0 1 EL encoder fixed offset

8 0 cos(el) Gravitational flexure

9 0 cot(el) Residual refraction
10 (AZ/360)cos(el) 0 AZ encoder scale error
11 cos(az)cos(el) sin(az)cos(el) Residual de-rotation (E-W component)
12 sin(az)cos(el) cos(az)cos(el)+ Residual de-rotation (N-S component)

sin(az)sin(el)

The extremely narrow beamwidth of the antenna main beam
at Ka-band (16 mdeg) for its half power beamwidth
(HPBW) requires that a Ka-band uplink signal be aimed at
where the spacecraft will be when the signal arrives (look
ahead), while simultaneously receiving a signal that left the
spacecraft one light-time previously. This is accomplished at
the DSN DSS-25 34-m BWG antenna, by mounting the Ka-
band transmit feed on a movable X-Y platform that can
displace the transmitted beam by as much as 30 mdeg from
the received beam. DSS 25 is the only antenna with a Ka-
band transmit capability. The fact that the transmit feed is
displaced from its optimum focus causes it to have a gain
reduction relative to the optimized receive feed.

3. POINTING MODELS

The 1% order systematic pointing model [1], is a physical
model where the mathematical terms in the model have
physical significance and are related to a physical
performance parameter of the antenna. Table 2 shows a
typical set of the 1% order model and the significance of each
term for a DSN 34-m BWG antenna. In Table 2 the
original model which was developed by Peter Stumpff [1]
was augmented by Bob Riggs and Leon Alvarez of JPL
during 1970-1995 with additional terms [4]. The
parameters of the systematic models are derived via a least
squares fit solution [5].

The new 4™ order pointing model was derived by expanding
the spherical harmonics, which are related to the associated
Legendre polynomials by the equations 1 and 2 below, to the
4™ order resulting initially in 25 mathematical terms for each
axis. Parameters from the physical 1% order model, which
did not appear in the expansion, were added to the model
For the cross-elevation axis (Xel) the four parameters which
were added are: cos(el), sin(el)cos(el, sin(el)sin(az),
sin(az). For the elevation (El) axis model, the five

parameters which were added are: cos(el), sin(el)cos(az),
sin(az), cos(az), cot(el). This resulted in 59 mathematical
parameters for the model.

C irii—my v
Y,,(0,9) = WPI cos(O)e

where,

P ) = (-1 (1— X" gc—";mx) @

and to convert from the spherical coordinate system to the

physical antenna coordinate system, the following
coordinate transformation were selected:
O=r/2—el @)
and
b =—az )

and therefore the complex exponential term, which

corresponds to two real terms, becomes:
e’ = e =cos(az)— jsin(az) ®)
The application of the 4™ order pointing models improve the

DSN blind pointing performance by approximately a factor
of 2 [6], [7], [8].



4. APPLICATIONS

To facilitate an efficient all-sky survey for the observation of
radio sources, a scheduling program was written and
integrated within the antenna pointing and calibration tool.
At each radio source observation point, residual pointing
error offsets are computed, and these represent the
systematic pointing error of the antenna at that coordinate.

Each yellow dot in Figure 3, represents a radio source to be
observed, and data are recorded utilizing a 2-D cross-scan as
illustrated in Figure 4 .

k= Plot Source Paths.vi
File Help

2003/12/04 | | 1630 |

Elevation

Pick a Dataset to Plot

. Calculating
. Error

o
-90 -60

CCwW cable wrap

The gathered data are then processed by the 4th order
pointing model software that computes a new pointing
model for the antenna.

Prior to the application of the new 4™ order pointing model,
a typical blind pointing performance level of 7—10-mdeg
was achieved for the 34-m BWG antennas subnet. When the
new 4™ order model was applied for the first time at the
DSS-26 BWG antenna at Goldstone, California, and
subsequently used in operational activity to track Voyager I,
a new record of performance level of 3.5-mdeg mean radial
error (MRE) was achieved (Figure 5).
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Figure 3. A pointing scheduling program drives the antenna from one radio source
to the next to achieve full sky coverage




Figure 4. A 2-D cross scan
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Figure 5. DSS-26 Performance: 4™ order pointing model
achieved blind pointing performance on the NASA-JPL-
DSN 34-m BWG antennas Subnet of 1-3-mdeg MRE for
spacecraft tracking. In the figure, the yellow and purple
dots are the residual pointing errors in the elevation and
cross-elevation axes, respectively.

5. SUMMARY AND CONCLUSION

The new 4th order pointing model was successfully applied
in the DSN for over three years supporting the Cassini Radio
Science Occultation Experiment with Saturn and supporting
Bistatic Radar at Titan. Many scientific results were
published, including “Evidence for Likely Liquid
Hydrocarbons on Titan’s Surface from Cassini Radio
Science Bistatic Scattering Observations” [9]. The new
pointing model also successfully supported Mars
Reconnaissance Orbiter (MRO) with similar performance
level at Ka-Band providing 6-mbps telemetry data rate when
the monopulse was down. The performance of the 34-m
BWG subnet was improved by a factor of approximately 2
relative to the Ist order model. Track-level compensation
was applied to specific antennas as needed. Our next goal is
to achieve 4-mdeg MRE blind pointing performance over
the “all-sky” deploying on-the-fly (OTF) mapping
instrumentation across the network.
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