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Telescopes and the wavelength

Source: https://www.nasa.gov (2013 status)

https://www.nasa.gov/
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Stratospheric Observatory for Infrared Astronomy
(SOFIA)  

Source: Deutsches SOFIA Institut

Bulkhead

Primary mirror

Tertiary mirror

2.7 m Infrared Telescope StructureSOFIA is a joint project between NASA and DLR (Germany)

Secondary
mirror

Wavelength: 0.3 to 1600 µm
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The Telescope assembly (TA)

Light path

Primary 
mirror (2.7 m) 

Secondary
mirror

Tertiary mirror

Focal plane

Pointing  stability (RMS 
value of the image motion)

Pointing 
accuracy

TA boresight

Inertial Measurement 
Unit (IMU) consists of 
fiber optic gyroscopes 
and accelerometers

Goal

Pointing stability 0.2 arcsec

Pointing accuracy 0.4 arcsec

Combination of the
Cassegrain and

the Newtonian type 
telescope design
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SOFIA‘s Pointing Stability goal 0.2 arcsec

• Aeroacoustic energy in the cavity causes random vibration in the telescope

• Vibration causes image jitter and therefore affects the pointing stability

• The flexible modes in the bandwidth of 20 to 100 Hz are crucial and identified as
the largest contributors to image jitter

• Active reduction of image jitter requires the integrated measurement of the
telescope motion in modal coordinates
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16.5 km

16 mm

Laser pointer

http://images.google.de/imgres?imgurl=http://wissensschule.de/images/timetex/laserpointer.gif&imgrefurl=http://wissensschule.de/produkte_timetex_allerlei_nuetzliches.php&h=270&w=150&sz=7&tbnid=LrnP9KgcBNQJ:&tbnh=108&tbnw=60&hl=de&start=10&prev=/images?q=laserpointer&svnum=10&hl=de&lr=&sa=G
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Power spectral density of Jitter measurement
(wide band response to multi-axial excitation)

Focal plane

w

v

Image spot

V-axis image motion

W-axis image motion
• PSDs of Image motion measurement at 

the focal plane show the wide band 
responses

• Many resonance frequencies contribute
to image motion

Source of PSDs: B. Greiner, Studienarbeit, 2009, Universität Stuttgart 
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SOFIA infrared telscope Size and fundamental 
frequency

Source: W.Gawronski , Modelling and control of Antennas and Telescopes, Springer, 2008

SOFIA 

2.5 m Primary 

f ~ 20 Hz 

NASA                 
DSN Antenna –

DSS-35

34 m Primary

f ~ 2 Hz

Aerospace Corp. chart
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Structural dynamics of the telescope assembly

• The telescope structure is modally dense

• Crucial modes identified based on Hankel Singular Values
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Crucial vibration
modes (Hz)
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IMM for a flexible structure requires distributed sensors:

• Local acceleration and/or angular rate measurements

• Distortion measurements (strain gauges, laser sensors, GPS)

• Inertial Measurement Unit (IMU) near Center of Garvity

• A simplified model of the structure

Sensor fusion based system is realised as a state observer

Examples of special cases of IMM:

Aircraft guidance and control

(INS, GPS receivers, peripheral accelerometers)

Structural monitoring

(GPS receivers, Strain gauges)

Integrated Motion Measurement (IMM)
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State Observer Principle
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Kalman Filtering

Time t1 Time t2
Time t3

Time t3

Vibration 
States

Prediction based on model

Aiding measurements
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Kalman Filtering

Time t1 Time t2
Time t3
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Prediction based on model
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Optimal sensor placements
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IMU

• Simulated measurements with added white noise

• IMU: Fibre Optics Gyroscops + three
accelerometers

• Distributed accelerometers : MEMS type  

• Aiding measurements: Strain gauges

• Optimal Sensor placementHankel Norm based
method to search optimal locations

Optimal locations to target five

dominant modes

Hankel Norm              

Observability
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Focal plane
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Fourier Analysis

True Image Motion

 Higher amplitude peaks : due to harmonic excitation at fine drive

 Low amplitude peaks: natural frequencies excited due to initial condition
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State (modal) observer for the telescope structure
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Relative motion kinematics
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Estimated modal coordinates, Fourier Analysis
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 The frequency response is distributed
among the modal coefficients

 Aliasing of non-targeted modes can be
seen

 Weak coupling of the targeted modes
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Elevation axis image motion, time response

 The observer converges quickly and gives good estimate in the steady state region

 The sudden impulse at t = 8 s (unusual for real telescope) 

Steady state response

Time [s]
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Cross Elevation axis image motion, time response

 The observer converges quickly and gives good estimate in the steady state region

 The sudden impulse at t = 8 s (unusual for real telescope) 

Steady state response

Time [s]
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The multi sensor data fusion can be used effectively to
estimate modal coordinates of three-dimentional lightweight
structure

Optimal sensor placement and the number of inertial sensors
play a key role

More number of sensors  reduction in the aliasing effect

A priori estimate of mode shapes of the structure is required

Summary
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