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ABSTRACT
We report on the laboratory testing results of the Adaptive Optics Imaging (AOI) system developed by the Research
School of Astronomy and Astrophysics (RSAA) at the Australian National University (ANU). AOI is built for a 1.8 m
telescope at Mount Stromlo Observatory in Canberra, Australia for satellite characterisation in low Earth orbit (LEO)
and satellite tracking in geostationary orbit (GEO). AOI uses a 277 actuator deformable mirror (DM) and Shack
Hartmann wavefront sensor operating at up to 2 kHz. We have assembled AOI in the lab and run the system in closed
loop. A non common path aberration (NCPA) correction was performed which increased the intensity of a fibre source
by a factor of 5 relative to the background speckle and increased the Strehl ratio from 70% to 95%. We have moved
AOI to the telescope and on-sky operations will commence is September 2018 in natural guide star mode with an
upgrade to a laser guide star mode in early 2019.
1

INTRODUCTION

Space debris poses an significant threat to space operations due to the increasing collision possibility. Space based
assets are vital for functions such as communications, navigation, and weather prediction. Proposals to produce large
communication satellite constellations will only further populate crowded orbits leading to increased chances of a
large debris producing event. As the number of objects in space grow we are heading towards a Kessler Syndrome
in which a single collision can cause a cascade of debris and result in some orbits which are completely unusable for
active spacecraft. [1]
Precise tracking of satellites and debris along with predictive models are necessary to mitigate collisions as spacecraft
can be manoeuvred to avoid a collision. Tracking and prediction will only be a short term solution for space environment management until systems to perform active debris removal and manoeuvre can be developed. [2, 3]
Ground based optical measurements provide a method to obtain high accuracy tracking of objects. Satellite laser
ranging (SLR) and debris laser ranging (DLR) work by time of flight of laser pulses to give precise ranging information.
SLR systems can track with millimeter accuracy while DLR can track with meter accuracy. [4, 5] Passive tracking can
also be used where active tracking is not possible. Images of sunlit objects can be captured and the position measured
by centroiding the image and using telescope pointing information.
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Orbital models are used to predict the future position of objects between times when they are tracked. These models
are used to identify any potential collisions that may occur so mitigating action can be taken. It is difficult to make
an accurate prediction of orbits due to the many variables acting on the object such as solar radiation pressure, gravitational forces and atmospheric drag. [6] As the physical characteristics of an object will affect how these external
forces influence an orbit, some knowledge of the object characteristics is necessary to produce an accurate orbital
model. Typically characteristics are approximated as there is little information available. [7] A common approximation is to use the cannonball model, in which the objects are assumed to be a spherical ball. In reality satellites and
debris have more complex shapes, and a better understanding of the size, shape and orientation can allow for improved
orbital predictions to be made.
Ground based optical observations are difficult as atmospheric turbulence causes distortions and limits the resolving
power of the system. Adaptive optics (AO) provides a mechanism to compensate for distortions from the atmosphere.
[8] An AO system features three primary components which are; a deformable mirror (DM), wavefront sensor (WFS)
and control computer. The distorted wavefront enters the system via a telescope where it is measured by the wavefront
sensor. The corrections required to flatten the wavefront are sent to the DM by the control computer, and the DM
applies those corrections to the incoming light. This works as a constant feedback loop to ensure the correction
applied by the DM is updating to maintain a flat wavefront at the science detector. A diagram of an AO system is
shown in Fig. 1.

Fig. 1: Schematic of an AO system. The wavefront is measured by the wavefront sensor, and these measurements are
translated to correcting commands of the DM by the control computer.
The Research School of Astronomy and Astrophysics (RSAA) at the Australian National University (ANU) in partnership with the Space Environment Research Centre (SERC) is developing adaptive optics systems for space situational
awareness. A satellite imaging system developed by the RSAA demonstrated improvement in image quality through
the AO correction. Features such as solar panels were resolved and rotation was observed as features were moving in
time. [9]
2

AOI: ADAPTIVE OPTICS IMAGING

We have developed the Adaptive Optics Imaging (AOI) system for capturing images of satellites and debris in low
Earth orbit (LEO) and geostationary orbit (GEO). AOI will capture high resolution images of satellites and debris
in low Earth orbit (LEO) and perform high accuracy tracking of objects in geostationary orbit (GEO). The system
operates on the EOS Space Research Centre 1.8 m telescope located in Canberra, Australia.
We will use AOI to passively image objects while they are illuminated by sunlight. In the natural guide star (NGS)
mode light from the object is used for wavefront sensing and imaging. The system is also capable of operating with
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Fig. 2: Left: Ideal image of an iridium satellite. Right: Simulated image of satellite through AOI. The image is a 50 ×
50 pixel area of the detector.
a laser guide star (LGS), where an artificial beacon is created in the sky and all light from the object can be used for
imaging. When operating in the LGS mode we will be able to image fainter and smaller objects.
The AO correction will produce a resolution of 50 cm for objects at a 800 km range and 800 nm imaging wavelength.
With this resolution we can identify features of a satellite such as the body shape and solar panels. Fig. 2 shows a
simulation of an iridium satellite imaged through AOI. With the AO correction the solar panels can be easily resolved
along with the body of the satellite. We can measure rotation by observing how the satellite features change over
time.
Positional measurement of approximately 1 m accuracy can be achieved for tracking objects in GEO. We will image
an object as it passes within 15 arcseconds of a reference star from the Gaia catalogue. As the reference star position
is known we can calculate the position of the satellite with high accuracy.
The layout of AOI is shown in Fig. 3. The beam from the telescope arrives via a 250 mm diameter Coudé path, and
the beam is focused by a parabolic mirror. A small secondary mirror picks off the focussing beam to direct it towards
two lenses which collimate the beam onto the deformable mirror (DM). A dichroic beamsplitter transmits 400 to 800
nm light to the wavefront sensor, while 800 to 950 nm light is reflected to an imaging camera.
The AO correction is performed with an ALPAO DM 277 deformable mirror and Shack Hartmann wavefront sensor

Fig. 3: Layout of the AOI system. The parabolic mirror focusses the beam which is collimated onto the DM by two
lenses. After correction is applied by the DM a dichroic transmits to the wavefront sensor and reflects 650 to 950 nm
wavelengths to the imaging camera.
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operating at 2 kHz [10]. The Shack Hartmann wavefront sensor has 16 × 16 subapertures with 300 µm pitch and a
0.68 arcsecond/pixel field of view.
Imaging is performed with a Nuvu Hnu 512 EMCCD camera, which has 512 × 512 pixels operating at up to 60 Hz.
Images will be captured at >30 Hz to reduce tip-tilt and eliminate field rotation. The images captured will be shifted
and stacked to improve the final imaging quality.
We use two custom lenses for imaging to improve performance over a wavelength range 600 to 950 nm. The compound
lens system allows us to achieve a 950 mm focal length within a compact space. With the lenses we can achieve
diffraction limited imaging within the 22 arcsecond field of view of the system.
3

LABORATORY TESTING

We have assembled the AO system in the lab and begun testing of the system. We have installed the system in the
clean room at the telescope but have not yet begun on-sky operations. Fig. 4 is a photo of the system installed at the
telescope.

Fig. 4: AOI optical components assembled in telescope clean room
Alignment of the wavefront sensor was performed to align the microlens array to the camera and the DM to the WFS.
Fig. 5 shows the WFS in open loop when illuminated with the calibration source. We use a broadband light source
coupled into a 10 µm core fibre and collimated onto the DM surface. The light is reflected off the DM into the system
where it can go to the WFS and imaging arm.
After building an interaction matrix the AO loop was closed so the spots would be driven to the centre of each
subaperture. Fig. 6 shows the DM figure when the loop is closed. From the closed loop DM figure we have observed
that the primary aberration the DM is correcting is astigmatism. This astigmatism could be caused by one or more of
the optical elements in the system being tilted with respect to the optical axis. The beam also passes through a dichroic
beamsplitter angled at 45 degrees which would result in some astigmatism at the wavefront sensor.
From the closed loop operation we have plotted the error transfer function from the DM errors generated during
operation. The error transfer function for 1.4 kHz loop rate is shown in Fig. 7. The error rejection bandwidth at the 1.4
kHz loop rate is 61 Hz. We measured the error rejection bandwidth for loop rates of 250, 500, 1000 and 1400 Hz. The
bandwidth found was used to extrapolate and predict the error rejection bandwidth at 2 kHz, which is the maximum
speed of the system. The error rejection bandwidth at 2 kHz we predict is 84 Hz.
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Fig. 5: WFS spots in open loop

Fig. 6: DM commands for closed loop operation
We have also made a non common path aberration (NCPA) correction compensate for aberrations which are not seen
by the WFS, and therefore not corrected with the closed AO loop. The NCPA correction will compensate for the
aberrations in the lenses and misalignment of the optics in the imaging arm of AOI. The NCPA correction acts to
maximise the intensity of the spot at the imaging camera by iterating through different DM shapes to compensate for
the aberrations. The image of the calibration source fibre core is smaller than the diffraction limit of the system so we
do not get an extended image, but rather a point spread function (psf). This image is captured with a USB camera with
2.5 µm pixel size so the image is oversampled, which allows the profile of the spot to be extracted.
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Fig. 7: Error transfer function for 1.4 kHz loop rate
A comparison of the image before and after the NCPA correction is shown in Fig. 8. In the initial image there is
significant speckle, which has an intensity approximately equal to that of the fibre source image. After the NCPA
correction is applied the image intensity becomes much larger and the speckle is mostly removed. The peak in the
NCPA corrected image has an intensity more than 5 times that of the remaining noise in the image. During testing we
noticed that the brightness in the image would increase if the background light was increased. We believe that some of
the speckle observed is from background light in the lab entering the system. We will baffle the entire AOI breadboard
during on-sky operations to limit the amount of stray light entering the system.

Fig. 8: Left: Image of fibre source before NCPA correction. Right: Image of fibre source after NCPA correction
The DM commands required to remove the NCPA is shown in Fig 9. There is no obvious figure on the DM to correct
a specific aberration. This indicates that the DM is correcting higher order aberrations to optimise the image on the
imaging detector. The stroke required to apply the NCPA correction ranges from -0.6 to 0.6 µm. The DM has interactuator stroke of approximately 4 µm and as some adjacent actuators have the highest and lowest positions we are
using up to 1.2 µm of the inter-actuator stroke to correct for static aberrations in the system. This is more than 25% of
the available inter-actuator stroke and will therefore limit the correction that can be made for atmospheric turbulence
during on-sky operations. Corrections to the alignment of the imaging arm of AOI may decrease the amount of stroke
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required for the NCPA correction.

Fig. 9: DM commands to produce NCPA correction
The optical performance can be measured relative to an ideal system with no aberrations by the Strehl ratio. The
Strehl ratio is the ratio of the peak of a curve fitted to the captured image to the peak of a ideal psf for the system. We
estimate the ideal psf by constructing a Gaussian with a full width half maximum (FWHM) equal to the diffraction
limited spot size for the system. With an effective focal length of 380 mm the diffraction limited spot size is 26 µm.
The peak of the ideal psf is normalised so its integral is equal to that of the measured spot, therefore the energy in
the measured and ideal spot is also equal. The Strehl ratio for the uncorrected spot was calculated to be 70%, while
the Strehl ratio for the spot after NCPA correction was 95% indicating that the system is performing at the diffraction
limit. The remaining aberrations present in the system are smaller than the effects of diffraction and therefore cannot
be observed.
4

FUTURE DEVELOPMENT

We will operate AOI on-sky to do satellite characterisation and tracking in the NGS mode from September 2018 to
March 2019. In early 2019 we will have a laser guide star facility operational on the telescope and AOI will be
upgraded to work with a LGS so we can conduct on-sky operations in LGS mode. The addition of the LGS will enable
us to image fainter objects and we can compare the performance of the system with the NGS mode.
5

CONCLUSION

We have designed an adaptive optics system capable of characterising objects in LEO and tracking satellites in GEO.
AOI uses a Shack Hartmann WFS with 16 × 16 subapertures operating at up to 2 kHz, and an imaging camera
operating at up to 60 Hz to perform lucky imaging. We have built AOI and begun testing it in laboratory conditions.
We have performed an NCPA correction which compensates for aberration in the imaging arm of AOI and increased
the Strehl from 70% to 95%. The system will shortly begin on-sky operations where we will characterise satellites in
LEO and track in GEO.
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