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Tracking geostationary satellites
geostationary communications satellites:

positioned ≈ 35,800 km above Earth’s surface
spaced around equatorial plane

in theory:
orbit Earth with period of rotation = one sidereal day = 23 hours, 56 minutes

⇒ synchronous with Earth’s rotational period
⇒ apparently stationary to observer on Earth’s surface

in practice:
orbit perturbed by:

Earth’s non-uniform gravitational field
gravitational attraction of Sun and Moon
solar radiation pressure

⇒ satellites “wobble” with period of one sidereal day
⇒ need to track satellite for maximum received signal strength

Figure-of-8 
traced out on 

Earth’s surface
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Open-loop tracking

1. use physical modeling of satellite motion (with perturbations) to predict 
satellite motion into future

2. periodically adjust antenna pointing angles
routinely used in practice, but:

requires high absolute accuracy in the antenna azimuth–elevation encoders
requires regular maintenance to put in new model parameters

• in practice: once a week, satellite operators (eg. Intelsat) fax hourly position 
updates for specified satellite and ground station latitude–longitude–height

unable to compensate for wind and thermal effects on antenna
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Pointing data

Plot azimuth or elevation 
pointing data and…

it’s very close to sinusoidal with 
period of one sidereal day

time
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Closed-loop tracking
Idea

move antenna periodically to find direction   
of maximum beacon signal strength

Problem

Measured beacon signal is unreliable:

noise on the received signal

variations in  signal intensity transmitted 
from satellite

• not meant to happen but…

effect of wind gusts on the structure
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A linear model
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Pointing angle data suggests models for satellite azimuth and elevation
variation with time t:

• fundamental period of one sidereal day ⇒ ω known
• coefficients αi and εi unknown but approx. constant
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A simplified linear model

Several terms present, but each axis dominated by constant + fundamental:
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Observation: expression has the form of output equation for state-space model:

Idea: use KF to estimate state of
system whose states are αi

xtCty )()( =
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From beacon power to azimuth–elevation
Problem

To apply Kalman filter to estimate αi
we need measurements of actual 
satellite azimuth

but we only have beacon strength 
measurements

Solution

Use known shape of beam pattern to 
infer satellite azimuth from just two 
measurements of beacon power

beamwidth depends only on 
frequency of comms link, and 
diameter of antenna
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System model

State variables assumed constant:

533201 ,, ααα === xxx

⇒ states “propagate” according to:
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States are measured via:
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Modified system model
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process noise, models:
a) known undermodelling
b) slow drift of “constant” parameters
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measurement noise

Need a model like this for both
azimuth and elevation axes
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Application of Kalman filter

Given:

• modified system model

• process noise covariance Q and measurement noise variance R

• noisy measurements of satellite azimuth, y(t)

Compute:

• optimal estimates of unknown state variables using 
Kalman filter

• predicted satellite azimuth

533201 ,, ααα === xxx
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Getting it to work in practice
How do you know what the process noise covariance matrix Q is?

We don’t. It’s estimated based on prior knowledge of likely undermodeling and parameter drift. 
Too big and KF ignores model; too small and KF ignores measurements. In the end, Q is a 
tuning knob.

How do you know what the measurement noise variance R is?
It’s estimated based on sample variance of measured beacon power.

How do you calculate covariance of initial state estimation error P(0)?
Ummm, we make a guess, assigning larger values to values corresponding to parameters we 
expect are more important in model. Choosing P(0) too small can cause KF to take a long while 
to start noticing measurements.

What do you actually do with estimates of satellite azimuth and elevation?
Predict ahead a little, then wait for satellite to catch up, then move on. Repeat.

What do you mean by “a little”?
That depends on confidence in estimates, measured by size of state estimation error covariance 
matrix { }TxxxxEP )ˆ)(ˆ( −−=
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Does it work? Yes!

measured data from 3 days 
of tracking at OTC (now 
Telstra) ground station at 
Oxford Falls, Sydney

C-band (4-GHz) and 8m 
diameter antenna

⇒ half-power beamwidth of 
0.66 degrees 

less than 0.5dB variation in 
received signal, despite 
azimuth/elevation 
variations of ≈ 2 degrees

azimuth

elevation

received signal power
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ORBTRACK

commercial system based 
on these principles 
designed and built at the 
University of Newcastle, 
Australia

system  marketed under the 
trade name ORBTRACK®

used in many real-world 
applications in Australia, 
Indonesia, Antarctica and 
<prefix>-istan
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