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Antenna Pointing Systems for Large
Communications Satellites

J. Broquet,* B. Claudinon,f and A. Bousquetf
Matra Space Branch, Velizy Villacoublay Cedex, France

Most of the geostationary satellites already developed operate antenna pointing through fine orientation
measurement and control of the satellite main body to which each antenna is rigidly attached. The main body
orientation is measured by means of infrared Earth observation. Increasing antenna size and power and,
sometimes, political constraints enhance the benefit of very accurate antenna pointing (0.05 deg, 3 a at antenna
electrical axis level). This typically implies direct measurement of antenna orientation through the use of
radio-frequency sensors incorporated in each antenna, mechanical decoupling between antennae to allow for
compensation of structural deformations, and mechanical decoupling between each antenna and the satellite main
body through the use of antenna pointing mechanisms to allow for high antenna control bandwidth. Concepts of
antenna pointing mechanism and associated control for such satellites are presented shortly. Pointing perfor-
mances of attitude control concepts alternatives are shown for a typical payload.

Introduction

THE evolution of satellite communications towards com-
plex multibeam systems as well as the increasing payload

capabilities and size make distributed attitude control con-
cepts more and more attractive. Each beam could be pointed
independently through antenna pointing mechanisms and ra-
dio-frequency sensors. When deriving attitude control con-
cepts, satellite designers now must trade against the use and
number of antenna pointing mechanisms and radio-frequency
sensors.

Approaches to antenna pointing and main body orientation
are first presented and discussed. The need for radio frequency
sensors (RFS) and antenna pointing mechanisms (APM) is
expressed as a function of the antenna number and individual
pointing accuracy. RFS is implemented in the antenna to be
pointed and thus materializes its radio-frequency boresight.
No more error is involved between a main body sensor, e.g.,
an infrared Earth sensor (IRES) and the antenna. RFS princi-
ples and characteristics are briefly reviewed.

Several APM mechanization control concepts are proposed.
The selection of an APM and a control concept is highly
dependent on the mission. The important parameters for a
choice are the antenna size and structure (flexibility), thp
required offsetting capability, the mechanical interface be-
tween the antenna and the main body, and the main body
pointing capability. Alternatives to the antenna control are
developed and simulations results are shown.

Lastly, different spacecraft configurations making use of
RFS and APM or not, are elaborated for a given payload.
Pointing budgets are derived from simulation and analysis
results for each antenna, outlining the effects of the aforemen-
tioned selection parameters.

Antenna Pointing Control Problem
Satellite Body Attitude Control

The design of attitude control systems for three-axis stabi-
lized geostationary satellites is strongly governed by the prob-
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lem of long-term yaw control. Continuous yaw control sys-
tems from direct yaw sensing, through the use of star sensors
or combination of gyros and sun sensors, are penalized by the
implementation and reliability problems, respectively. Radio-
frequency sensors are at an early stage of development and
presently do not offer accurate yaw measurement capability.
Thus, yaw control from roll/yaw coupling through the use of
satellite internal angular momentum still appears the simplest
solution for the telecommunications satellites of the eighties.

Illustrations of geostationary satellite attitude control with
fixed momentum wheel and with typical skewed momentum
wheels are respectively shown in Figs. 1 and 2. See also Ref. 1.

Fixed Momentum Wheel (Fig. 1) [1 Degree-of-Freedom (DOF)
System]

Earth sensor provides angular attitude measurement about
the X(0) and Y(($) axes but not about the Z-axis (^ angle).

R611 angle and nutation are simultaneously controlled
through an adequate firing sequence of skewed X/Z thrusters.
The inherent coupling of roll into yaw due to the orbital
motion results in a yaw maximum error over the orbit which
depends only on momentum bias, disturbing torques, and roll
control deadband.

Two-Degree-of-Freedom (2 DOF) Momentum
Improvement of the 1 DOF control principle can be achieved

through transverse momentum generation capability, either
via a gimballed wheel, an additional reaction wheel, or as
described hereafter by using two skewed momentum wheels
(Fig. 2).

The angular momentum H can be moved inside the satellite
within the wheel plane ( H l 9 H 2 ) , (YZ plane on the figure).
Linearized attitude control can be obtained about the axis
perpendicular to the wheel plane, thus improving the control
accuracy.

Attitude control about roll (X) axis and pitch (7) axis is
performed by wheel speed command. [Roll (X), pitch (Y),
and yaw (Z) axis are along East-West, North-South, and
satellite-Earth directions, respectively.] Signal processing is
defined to minimize satellite attitude transients under Earth
sensor noise effect and satellite disturbance effect. Yaw con-
trol is still operated through skewed X/Z thruster actuation
to maintain the mean orientation of the satellite angular
momentum. Several other possibilities will certainly be offered
to new geostationary satellites. Current studies could prove
the capability of some gyro technologies to meet the reliability
requirement for long-lifetime missions. (See Ref. 2, 3, and 4).
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Fig. 1 Geostationary satellite with fixed momentum wheel; principle
of roll-yaw control in normal mode.

Fig. 2 Geostationary satellite with typical skewed wheel configuration;
attitude control principle.

Need for RF Sensing and Roll/Pitch Controls
More specific is the problem of meeting a very high pointing

accuracy requirement, typically 0.05 deg half-cone angle dur-
ing nominal satellite operations, at antenna beam axis level.

Attitude measurement from infrared Earth sensing will not
meet such a requirement because all structure distorsions
(thermal, hysteresis, aging, initial alignment uncertainties) be-
tween the IR sensor and the antenna axis penalize the point-
ing performance, and since the antenna beam deviation caused
by the yaw error cannot be observed through the IRES, a very
accurate sensor (radio-frequency sensor), stiffly associated with
each of the antennae to be controlled, must be used for
individual antenna pointing detections.

Alternate Solutions and the Need for Antenna Pointing Mechanisms
Roll-pitch antenna control can be obtainted through elec-

tronic antenna beam deflection, and mechanical decoupling
between satellite sub-elements, namely the antenna/satellite
main body and the antenna attached to the satellite main
body/internal angular momentum (momentum wheel
gimballed around roll axis or multiple fixed-momentum wheel
in pitch/yaw plane).

Satellite attitude control alternatives differ according to the
number of payload antennae supporting RF sensors and re-
quiring very accurate pointing. Attitude control system (ACS)
actuator concepts for a payload with a single high accuracy
antenna are typically: a) 2-DOF system (two-wheel configura-
tion of single-gimbailed momentum wheel) for the attitude
control of the whole satellite, b) 3-DOF system (multiple
wheel configuration or double-gimballed momentum wheel)
for the attitude control of the whole satellite, c) 1-DOF system
and one-axis antenna pointing mechanism (APM) controlled
in closed loop with large bandwidth, and d) 1-DOF system

A
COMPARATOR

HORNS
HYBRID

CIRCUITS

Fig. 3 Multilobe technique.

REFLECTOR

A

Fig. 4 Multimode technique.
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Fig. 5 Signal patterns.

and two-axis APM controlled in closed loop with large band-
width.

ACS actuator concepts for a payload with several high-
accuracy antennae necessarily include antenna pointing mech-
anisms, whether combined or not with linearized roll-pitch
control of the satellite main body. At a minimum, the APM
function is to eliminate the structural bias and distortion
between the antennae and main body. In this case, only
low-bandwidth (LBW) actuation capability is required (low
bandwidth APM).

The other APM functions are related to high-bandwidth
(HBW) control. They are accurate high-bandwidth angular
control of the individual antenna beam orientation and high
bandwidth control of the linear antenna motion to avoid
internal antenna vibrational deformation (very large antenna
only).

RF Sensing
RF sensing development efforts are based mainly on two

principles depending on the horns utilized to receive the
ground beacon signal. These are:

1) Multilobe (Fig. 3), in which separated horns (typically
four) receive signals for which the phase difference is a func-
tion of the antenna pointing w.r.t. the beacon direction. Eleva-
tion (Am) and azimuth (A^) signals are obtained after a
proper combination (comparator) of the horn signals through
hybrid circuits as well as the sum (2) signal used as a
reference.
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Fig. 6 RFS signal processing.

Table 1 Typical field-of-view and accuracy

F.O.V.
Frequency, GHz (reflector diameter d = 2 m), deg Accuracy, deg

6
14
20

1.75
0.75
0.525

< 0.050
< 0.020
< 0.015

2) Multimode (Fig. 4) in which a corrugated horn is used for
which wave higher order modes are excited when the boresight
axis is not aligned with the beacon direction. The dominant
models equivalent to the signal and the higher order modes in
orthogonal planes correspond to A^ and AE1 with identical
patterns (Fig. 5). Extraction of the modes is done through a
mode coupler and elaboration of A^ and Am again through a
comparator.

Signal processing, shown in Fig. 6, is common for the two
types of sensors. It yields a sum (|2|) voltage which can serve
as a beacon presence signal and two error (El,Az) voltages
proportional to the angular pointing errors.

The practical limitations of the radio-frequency sensor are
essentially, as seen in Table 1: a) its field-of-view; if no special
treatment is made, it is equivalent to the antenna 3 dB
aperture; b) its noise level, depending on the beacon emitting
power, the processing electronics, and on the required band-
width; c) its sensitivity to structural problems. It could be
crucial if horns and reflector are not rigidly linked, e.g., horns
on the main body and reflector offset by a mast.

Antenna Pointing Mechanisms
The purpose of this section is to review the main principles

of APM mechanization and to show their limitations and
interests. As a matter of fact, the choice of the APM type is
strongly related to the control objectives and, therefore, a
proper optimization of this mechanization may decrease the
control problem complexity, saving time, cost, and mass.

Main Principles
Several concepts of APM have already been derived in

many space firms. Some of them are now under development
or qualification. The APM's are defined to move part of the
antenna (reflector) or the whole antenna, according to the
antenna type (central feed, offset) and size. APM concepts
differ in terms of rotation axis location (real or virtual axis),
pivot mechanization, motor type and drive, and resolver
(orientation measurements).
Type 1: Gimbal-Based Antenna Pointing Mechanism Concepts

Conventional APM's are derived from previous works per-
formed on gimballed momentum wheels. They generally use
ball bearing and either stepper or DC motors about each axis
(Fig. 7). Similar mechanizations are proposed for APM's with
flexural bearings. The advantage of this mechanization is to
allow large angle deflection, but the total mass is generally
important.

Antenna
mounting

plate

interface

Similar mechanizations are proposed for APM
with flexural bearing

Fig. 7 Principle of APM using gimbals.

Antenno mountm
Typicol Flexure pivot

pivot
Screw jock mechanism and
stepping motor assembly

Fig. 8 Principle of pivot-based APM.

Virtual axis of rotation

Antenna base plate

Motor action :

(j) About one real axis or

(2) About virtual axis

Fig. 9 Principle of a one-axis APM providing rotation about virtual
axis (for small angle only < 3 deg).

Type 2: Pivot-Based Antenna Pointing Mechanism Concepts
Conventional pivot-based APM concepts are also derived

from previous work on gimballed momentum wheels, in par-
ticular, the screw jack and stepper motor mechanization which
features full redundancy through symmetrical actuator and
pivot arrangement (Fig. 8). Screw jack mechanisms are replaced
in some concepts by linear DC motors featuring no contact
between movable pieces, but requiring caging for launch.

Type3
As an extension of type 1 concepts, an APM concept with

an additional gimbal is proposed to offer antenna (or sub-part)
orientation around virtual axes which can be far away from
physical gimbal axes (Figs. 9, 10, 11). This principle can be
realized by choosing the blade stiffness such that

and

as shown in Fig. 11.
Such concepts can be applied in either of two cases. When

the APM orients only the antenna reflector, the rotations can
be performed around the antenna horn and the antenna
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A (Virtual axis)\
AH = constant at 2nd order requires :

ANTENNA MOUNTING PLATE

iTELUTE STRUCTURE INTERFACE

Fig. 13 APM type 4.
Fig. 10 Principle of articulation for rotation about virtual point.

Antenna base plot!

Flexible blade

Fig. 11 Flexible blade shaped to generate multiple equivalent rotation
axis. Rotation about virtual axis is obtained for angles up to 10 to 15
deg.

beam axis beam axis 2

Reflector position 2

Reflector position 1

Fig. 12 Application of virtual axis APM to rotate antenna' reflector
about the horn.

focalization can be maintained within a few degrees, whatever
the beam rotation may be (Fig. 12). When the APM orients
the whole antenna, the rotations can be performed around the
satellite center of mass and dynamical decoupling between
antenna and satellite main body can then be optimized
according to the satellite configurations.
Type 4

Three biased rotation axes (but close to each other) define a
coning motion which can be used to control the antenna
pointing (Fig. 13). The three axes are necessary for azimuth
and elevation corrections. Very high stiffness and accuracy
( < 0.005 deg) can be obtained.
Antenna Orientation Mechanism Implementation

Reflector flexible mode frequencies are expected to be higher
by a few Hz than the control bandwidth, and thus need not be

CONFIGURATION COMMENTS

• Excitation of reflector symmetrical modes
• Excitation of support structure bending modes
• Large load inertia
• More adapted to central feed antennae

Small load inertia
Excitation of reflector unsymmetrical modes
Small defocalization due to rotation

Virtual rotation about the focal point
No reflector modes excitation
Excitation of support arm modes
No defocalization due to antenna motion

• Virtual rotation about the S/C center of mass
• Excitation of reflector and support structure

modes
• Good isolation w.r.t. the central body rotation
• More adapted to central feed antennae

Fig. 14 Influence of APM location and type.

controlled. Therefore, these modes must not be excited in an
open-loop manner by the control system.

The choice of the APM location must take into account
several criteria: minimization of the reflector mode excitation
resulting from APM actuation, isolation w.r.t central body
motion, minimization of the load inertia to enable sufficient
control bandwidth, and not to induce severe requirements on
the actuator itself, and keeping the horns as close as possible
to the focal point when the antenna is moving. At a lower
level, criteria include minimization of the support structure
inertia to avoid very low frequencies and high coupling with
the main body and minimization of the antenna support
structure mode excitation resulting from the APM actuation.

Ali these criteria are generally conflicting requirements and
the mechanism type and implementation must be optimized in
order to minimize the pointing error and/or the control
system complexity and weight. The influence of APM location
and type is illustrated in Fig. 14.

Antenna Control Through RFS and APM
Two approaches have been explored. In the decentralized

approach, an independent RFS/APM control loop is designed
separately from the main body control. This approach is valid
only when the antenna inertia is sufficiently lower than the
inertia of the rest of the spacecraft. In the centralized ap-
proach, both main body and antenna are controlled as a
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Fig. 15 Relationship between body attitude, gimbal angle, and RFS
axis.
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Fig. 17 Momentum unloading simulation showing performance of
independent antenna pointing.

Fig. 16 APM control simplified block diagram.

multivariable system. Modern linear-quadratic (LQ) optimal
control techniques are applied. A detailed structural model of
the spacecraft must be used.
Decentralized Approach: Independent Antenna Pointing

A large communications satellite with a small antenna is
considered. The antenna is mounted on a type 1 APM (as
defined in the section covering APM's) using gimbals and
stepper motor. The antenna and body control loops are based
on simple classical designs and built separately. The antenna
control loop uses the APM and the RFS. When the RFS
output exceeds a given threshold, steps are ordered via the
APM drive electronics. An inhibition time is set between two
steps corresponding to maximum APM pointing speed. Typi-
cally, the step size (a) is about 0.005° and a step actuation
corresponds to an antenna beam axis motion of (l+-K)a
where the deviation factor ^depends on focal length/an-
tenna diameter ratio (when the APM moves only the reflector
and not the feed). Consequently, the threshold S must be at
least equal to the beam deviation angle due to one step
actuation. A margin for RFS noise effect must be also in-
cluded. The steps are counted in an up/down counter which
gives a gimbal angle measurement, provided that the step size
accuracy is sufficient. However, an accurate angle pickoff
(resolver) is generally used in order to avoid misstepping
effect.

The main body control loop uses the momentum wheel and
the gimbal angle pickoff. As a matter of fact, the gimbal angle
value y represents the attitude angle (with a factor 1/(1 + K)
and assuming that the RFS output is null) as indicated in Fig.
15. Obviously, an Earth sensor, if available, can be used for
main body control. A simplified block diagram is shown in
Fig. 16. To illustrate the performance of this control scheme,

Fig. 18 Satellite configuration.

simulation results on pitch control during momentum unload-
ing are given in Fig. 17. A sequence of 25 Y-thruster actu-
ations (0,1 Nms) is given in open-loop. This simulation takes
into account body and antenna inertiae as well as APM model
and some solar array flexible modes. Low-level catalytic thrus-
ters are used.

It has been shown that the APM keeps the antenna axis
within the deadband (0.01°) during all the satellite operational
modes including stationkeeping. Limitation of this technique
appears when the antenna inertia cannot be neglected w.r.t the
body inertia, and the antenna flexible modes or antenna
support system flexible mode are within or close to the system
control bandwidth. In these cases, special care must be taken
to implement independent antenna control systems and gener-
ally a centralized approach must be envisaged.
Centralized Approach: Modern (LQ) Optimal Control

In this approach, an overall modal model of the structure
must first be obtained to get all the necessary flexible mode
information (see configuration in Fig. 18). A one-axis model is
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Table 2 Main error types and values

3 FREQUENCY (Hz)

Fig. 19 Typical mode configuration.

represented by:

where

XT = (ql, q2... qn, ql,... qn)

ql = rigid body mode variable
, qn = flexible mode variables

uT=(ul,u2)

(1)

(2)

(3)

(4)

ul = main body control variable (thruster torque)

u2 = APM control variable

dT = ( dl , 0) = disturbance torque

(5)
yl = main body sensor measurement (IRES)

y2 = RFS measurement

The active controller consists of a state observer

k/k-i
yk — Cxk/k_1
Guk-i

where xk is the estimated state at time k, and F and G are
the discretized form of A and B, and of a state feedback

= Kx,, (7)

The state dimension (2n) is usually very large. Due to mode
uncertainties (Fig. 19), performance and stability considera-
tions, it is necessary to reduce the controller order.5"8

Note that this approach is very favorable to a priori identifi-
cation of the disturbance d. Figure 20 shows the results
obtained for the previous structure (1,800 kg, six flexible

Type
Roll Pitch

(3 <j, deg)
Yaw

Initial alignment
RF boresight axis vs geometrical axis
antenna reference vs body reference
momentum wheel vs body reference
momentum wheel vs IRES

0.02
0.02

0.02
0.02

O.la

0.03
0.01

Alignment stability
Antenna/IRES

Bias
Thermal distortion

Wheel/antenna
Bias
Thermal distorsion

Wheel/IRES
Bias
Thermal distorsion

0.022
0.018

0.022
0.018

0.04
0.04

0.05
0.04

IRES
Constant errors

Alignment 0.01 0.01
Bias between roll/pitch channels 0.011 0.011

Short-term variations 0.05 0.05
Long-term variations:

Seasonal effect (residual errors) 0.012 —
Meteorological effect (residual errors) 0.022 0.018
Aging 0.023 0.023

a Polarization

modes) during stationkeeping. Three modes are controlled.
Disturbance (1 Nm) is assumed known with 10% uncertainty
and main body control is performed by 10 Nm thrusters
(bipropellant).

Comparison of Typical Antenna Pointing
Performances

Selected Example
A satellite consisting of a rigid main body with symmetric

solar panels and three communications antennae is consid-
ered. One antenna is rigidly connected to the main body and
the reflectors of the other two are either fixed or mounted on
an APM. Body actuation is either a 1 DOF (1 momentum
wheel) or a 2 DOF (2 skewed momentum wheels) concept.
Error Sources and Budget

The different error sources are classically identified accord-
ing to sensors, equipment misalignments, structural deforma-
tions, and control. Disturbances (actuator non-linearities and
imperfections) flexibilities, and sensor noises are taken care of
by the control and their effects are evaluated in the so-called
control error type. Our main assumptions are listed in Table 2.

Fig. 20 Centralized approach simulation results.



JAN.-FEB. 1985 ANTENNA POINTING SYSTEMS FOR COMMUNICATIONS SATELLITES 77

Table 3 Normal mode error budget for each antenna

Configura- Large
tion antenna, deg

I

Ha

lib

III

IV

RFS,
0.053
RFS,
0.073
RFS,
0.053

Calibration,
0.097

RFS + APM
(HBW)b

0.043

Offset Fixed Body
antenna, deg antenna, deg control

0.105
APM (LBW)a

0.098
APM (LBW)a

0.096
APM(LBW)a

0.097
APM (HBW)b

0.081

0.105

0.132

0.105

0.129

0.132

RFS
2DOF
RFS

1DOF
RFS

2DOF
IRES

2DOF
RFS

1DOF

aLBW = Low Bandwidth bHBW = High Bandwidth

Table 4 Station-keeping mode error budget

Configura- Large
tion antenna, deg

I

Ha

lib

III

IV

RFS,
0.119
RFS,
0.118
RFS,
0.119

Calibration,
0.163

RFS + APM
(HBW)b

0.043

Offset Fixed Body
antenna, deg antenna, deg control

0.169
APM (LBW)a

0.149
APM (LBW)a

0.151
APM (LBW)a

0.163
APM(HBW)b

0.09

0.169

0.178

0.169

0.193

0.178

RFS
2DOF
RFS

1DOF
RFS

2DOF
IRES

2DOF
RFS

1DOF
aLBW = Low Bandwidth bHBW = High Bandwidth

All error values are given for a probability level of 0.9974 (3
a). In order to combine them, they are classified into four
categories according to their time characteristics: class A,
constant errors; class B, low-frequency errors with a period
greater than or equal to 24 h; class C, high-frequency
errors—transients, noises; and class D, yaw errors which are
indirectly affecting the antenna pointing.

Yaw error effect is decomposed through some weighting
into North-South and East-West errors, and added to the A,
B, C resulting errors to give the North-South (NS) and
East-West (EW) errors. Then an error cone is defined for the
antenna pointing.
Performances in Normal and Station-Keeping Modes

The satellite comprises three antennae. One large antenna
(30 kgm2) with high pointing accuracy is capable of receiving
RFS and APM, one offset antenna can be mounted on an
APM in order to improve its pointing independency, and the
third one is fixed. The main body (10,000 kgm2) roll/pitch
measurement is ensured by an IRES if not otherwise stated.

Five combinations of sensors and actuators have been
analyzed in detail. In Configuration I, the three antennae are
fixed and the large one incorporates an RFS used for main

body attitude measurement. The main body is controlled by a
2-DOF system.

In Configuration II, the large antenna still uses an RFS for
the main body. The second antenna receives an APM with low
bandpass to improve its pointing by correcting biases through
ground calibration. The main body is controlled by a 1 DOF
(Ha) or 2 DOF (lib) system.

In Configuration III, the main body is controlled through
an IRES and a 2 DOF system. The second antenna has a
low-bandpass APM. Calibration of the large antenna is done
through the wheel system to correct biases.

In Configuration IV, the large antenna comprises a high-
bandwidth APM and RFS. The second antenna also has a
high-bandwidth APM. The central body is controlled through
the RFS and a 1 DOF system. The error budgets are sum-
marized in Tables 3 and 4. It should be noted that no
flexibility problem has been taken into account in these
budgets.

Conclusions
Use of RF sensors is of very significant interest for antenna

pointing measurement. Measurement performance improve-
ment of typically 0.1 deg (from 0.15 deg. to 0.05 deg.) can be
obtained. Use of antenna pointing mechanisms is necessary
only when several antennae need very accurate pointing. If
only one antenna must be accurately controlled, the low
bandwidth APM provides a limited performance improve-
ment, compared with the 2-DOF control system for the other
antennae. If flexibility problems are critical, the APM (HBW)
use seems more favorable than the 2 DOF system, since it
allows decentralized control.
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