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Abstract. High-resolution imagery of satellites from ground-based telescopes plays an impor-
tant role in space situational awareness (SSA). Current approaches generally rely on large
aperture telescopes equipped with adaptive optics. The cost and operational demands of
such systems place severe limitations on worldwide surveillance capability. Coverage of the
sky is restricted to the regions that happen to be above the small number of geographical loca-
tions where facilities exist. However, recent advances in carbon fiber reinforced polymer (CFRP)
mirrors offer the potential for field-deployable telescopes with an aperture diameter of 1 m or
larger for ground-based imaging of space objects. Concave CFRP mirrors are made from convex
mandrels, which are challenging to fabricate. Therefore, a major cost driver of a CFRP telescope
is the optical quality of the mandrel. Here we show, using both numerical simulations and real
data, that a telescope with significant optical aberration can be used for high-resolution imaging
if the telescope is equipped with a wavefront sensor (WFS) and the recorded images and WFS
data are processed with an appropriate image restoration algorithm. We anticipate that the matu-
ration of the technology to manufacture telescopes at this size from light-weight replicated com-
ponents, at a cost considerably lower than conventional telescopes, will address a growing
demand for SSA data. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.JRS.12.042406]
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1 Introduction

Broad awareness of the behavior of artificial satellites operated by commercial and government
agencies is becoming increasingly important. Access to space is becoming easier and the tech-
nologies deployed there less costly, while the number of satellites on orbit and the value of the
services they provide continue to rise. At the same time, the amount of space debris leftover from
launches and expired missions also continues to increase, representing a growing threat to live
satellites and their operations.

Global efforts to maintain the orderly use of space require the clearest possible picture of the
space environment. Essential data are provided by a large suite of sensors that include radars and
space-based observatories as well as ground-based telescopes.1,2 The urgent need for the flow of
information to keep pace with the expanding number of objects in orbit leads us to consider how
a large number of telescopes could rapidly and cost-effectively be manufactured and deployed
for this purpose at sites around the world. Our goal, which we discuss in this paper, is to dem-
onstrate the viability of a lightweight telescope design of ∼1 m diameter built from replicated
components that can deliver well resolved images of low-Earth orbit (LEO) satellites and can
operate both night and day.

The drivers behind much of the cost and complexity of large telescopes are twofold. First, the
weight of the primary mirror dictates critical parameters such as the mass of the mount and the
capacity of the drive motors. This is of particular importance for a telescope that must track LEO
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objects, which move through the field of view two orders of magnitude faster and with much
higher angular acceleration than sidereal objects. Second, the use of heterogeneous materials in
the construction of a telescope, glass, and steel, for example, leads to substantial systems engi-
neering challenges to manage the effects of differing coefficients of thermal expansion (CTE)
in such a way that they do not degrade the optical quality. In this paper, we consider how both
concerns might be alleviated by a telescope in which the main mirrors and the structure are
all fabricated from carbon fiber reinforced polymer (CFRP) and how the challenge of
optical quality in such a system may be overcome by numerical postprocessing of the images
it delivers.

Ultralightweight telescope mirrors are now being manufactured in various ways. In
addition to CFRP,3,4 techniques exploiting SiC/C-SiC,5 beryllium (e.g., the James Webb
Space Telescope),6 and even thinned, actuated fire-polished glass7 have been explored. For appli-
cation to space situational awareness (SSA), CFRP offers particular advantages. In addition to
the obvious benefit in matching the CTE of the optics and structure, CFRP mirrors are readily
replicated from a mandrel, making their production rapid and inexpensive compared to tradi-
tional glass or even metals. The manufacturing process also scales in a straightforward manner to
larger or smaller telescopes. That said, CFRP is not a panacea. The mirror calls for a mandrel
with matching shape of opposite curvature. When the final mirror is on the order of 1 m in
diameter with a concave conic figure, the mandrel becomes a challenging and expensive convex
part, even considering that it may serve to replicate many CFRP mirrors. Furthermore, CFRP
materials tend to creep slowly over periods of years as observed in the metering structure of the
Hubble Space Telescope.8 While the surface roughness of the material is excellent, ∼1-nm RMS
or better,3 the achievable figure quality of a large mirror is likely to be less well controlled.

In this paper, we report the results of two experiments to evaluate the limitations imposed by
current CFRP telescope surface figure error for high-resolution SSA imaging when the data are
postprocessed. The image restoration tool, described in Sec. 3, is the daylight object restoration
algorithm (DORA), which has been designed to recover object estimates at the diffraction limit
from short exposure images subject to substantial degradation from atmospheric aberration. In
this instance, the algorithm is also called upon to account for static aberration arising in the
optics. In the first experiment, we analyzed simulated images of a LEO satellite with the added
aberrations from a 1-m parabolic CFRP telescope mirror manufactured by Composite Mirror
Applications (Tucson, Arizona). In the second, we examined real data acquired at the 3.6-m
Advanced Electro-Optical System (AEOS) telescope operated by the Air Force Maui
Optical and Supercomputing site at Haleakalā, Hawai’i. The AEOS telescope has an adaptive
optics (AO) system, and for our purpose the system’s deformable mirror (DM) was deliberately
set to a static shape that mimicked the departure of the CFRP mirror from its nominal paraboloid.

2 A 1-m CFRP Telescope

The standard process for manufacturing CFRP telescope optics begins by polishing a convex
glass mandrel of equivalent aperture and negative shape. A matrix of carbon fiber plies is then
adhered to the mandrel with a resin and cured in an autoclave, producing the front facesheet of
the mirror. The structural support, made from the same material, is attached with the entire mirror
then removed from the mandrel and coated. A detailed description is given in Refs. 3 and 9. The
layup of the plies is arranged to minimize the in-plane CTE of the mirror. The fibers themselves
have a negative CTE at normal operating temperatures, and this is balanced closely with the
positive coefficient of the resin matrix to give a near-net-zero value. Figure 1 shows the honey-
comb rib backing structure and the optical surface of the 1-m CFRP mirror made in this manner
and studied here, as well as the mandrel from which it was made. The process yields a mirror that
is close to mandrel-limited in terms of surface figure error but at a fraction of the weight of
a conventional glass mirror of similar size and rigidity. For comparison, the mirror evaluated
here weighs 27 kg,9 less than half the weight of the 1-m fused silica primary mirror of
PlaneWave’s PW1000 telescope, even with 54% lightweighting of the structure.10 Once incor-
porated into a telescope made of the same material, the entire structure, not including
a mount, weighs 80 kg.
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CFRP replicated mirrors <0.5 m in diameter have been manufactured with near-diffraction-
limited performance from both flat and curved mandrels.11 Larger mirrors are not yet meeting the
same performance because of the challenge of mandrel fabrication.12 Also shown in Fig. 1 is
a map of the measured surface error of the mandrel. The overall figure error is 280 nm RMS with
a significant contribution from a turned-down edge, which is likely to limit high spatial fre-
quency content in the final image. It is worth noting that the inner 0.8 m is figured considerably
better at 32 nm RMS. Although the CFRP replication technology is mature, we cannot expect
that the quality of the final mirror will be any better than the figure of the mandrel.

3 Image Restoration

The significant wavefront error induced by the figure of the CFRP primary mirror, about one
wave RMS in the optical if the full aperture were used, will inevitably degrade the telescope’s
image quality. The magnitude will be comparable to atmospheric seeing under moderate con-
ditions, although because the mirror aberration is static, the nature of the effect on the point-
spread function (PSF) will be qualitatively different. Telescopes mass-produced for SSA are
likely not to be deployed at the high-quality mountain-top sites preferred for astronomy,
where atmospheric turbulence will be characterized by values of the Fried parameter r0 on
the order of 15 to 20 cm at 500 nm wavelength. Under more modest conditions of r0 ¼ 10 cm,
the RMS wavefront error, approximately equal to ðD∕r0Þ5∕6λ∕2π, where D is the telescope
diameter and λ is the wavelength of observation,13 would be 550 nm, approximately matching
the figure error.

High-resolution imaging, limited by diffraction in the telescope rather than aberration in the
atmosphere and the optics, may be recovered either with AO or by numerical image restoration.
The former is preferred where possible because of the improved sensitivity arising from a more
advantageous distribution of photon noise in the light from the object itself. However, AO sys-
tems are costly themselves and not easily replicated even if a laser guide star is not required. In
cases where the object under study is bright enough to be used as its own beacon for AO, it is also
bright enough that image postprocessing is a viable alternative.

Many algorithms have been written to separate an aberrated PSF from an image in order to
estimate the underlying object. An extensive body of literature has been written on the topic
since the pioneering method of Labeyrie;14 see, for example, Ref. 15 and references therein.
In addition to phase retrieval,16 most techniques require additional information, often some

Fig. 1 (a) The CFRP primary mirror used in this study and the convex glass mandrel from which it
was replicated (figure taken from Ref. 9). (b) Profilometer measurement of the mandrel. The scale
is 2042 nm P-V (280 nm RMS). A chip is masked out on the left-hand side of the image.
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sort of “diversity,” beyond the focal plane image itself. In our study, we employ DORA, which
exploits measurements from a Shack–Hartmann wavefront sensor (WFS) to construct and
remove PSF estimates from the blurred images, recorded at the same time.

The details of DORA are presented in Refs. 17 and 18. The algorithm attempts to estimate a
common object from a series of blurred images. In brief, it begins its restoration by implementing
the technique of deconvolution from wavefront sensing19,20 while also exploiting the frozen flow
model (FFM) to estimate important components of the wavefront at higher spatial frequencies
than are natively sampled by the WFS.17,18 In this model, the atmosphere is described as well-
separated layers of frozen turbulence with distinguishable velocities which are estimated from
the WFS data. The improved fidelity of the wavefront reconstruction enabled by accounting for
the temporal coherence of the atmospheric aberration is shown in Fig. 2. In this case, the atmos-
pheric coherence time at 500 nm was taken to be τ0 ¼ 1.1 ms, while the WFS frame rate was
modeled to be 1300 frames per second. DORA continues with a gradient descent algorithm,
similar to multiframe blind deconvolution methods,21 to jointly estimate the object and the wave-
front while maintaining a result that is consistent with both sets of measurements.

For these experiments, DORA was modified to model the CFRP mirror as a static layer as
well as those modeled by a frozen flow; the case of a zero velocity layer required careful attention
to the algorithmic implementation. The aberration itself, both with simulated and real data, was
estimated simply as the wavefront reconstructed from the time-averaged signals from the WFS.
In practice, it is likely that the aberration introduced by the telescope will actually change during
the course of a satellite pass, although on scales much longer than the atmospheric coherence
time, because of changes in gravity loading. A suitable estimate of the aberration for each frame
of image data would be obtained by averaging the WFS signals over a window centered on the
frame time and on the order of 10 s long.

4 Simulations

Several sets of simulated image data were made by convolving synthetic broadband PSFs with a
model of the defunct oceanographic remote sensing satellite SEASAT. The PSFs were computed
from phase screens that included the profilometer surface map shown in Fig. 1 added to
Kolmogorov atmospheric aberration. The atmospheric component assumed a two-layer wind
model after the observations of Ref. 22 above Haleakalā. The atmospheric parameters are sum-
marized in Table 1. The simulated data spanned a range of turbulence strengths made by scaling
the two layers equally to yield overall values of D∕r0 ¼ 5, 10, 20, 30, and 40. The values of r0
given in Table 1 are taken to be at zenith and the assumed observing wavelength of 550 nm.
Table 2 summarizes the parameters of the simulation. Photon fluxes for the imaging camera and
WFS were calculated assuming V and R magnitude zero-point fluxes of 1.0 × 1011 and
7.0 × 1010 photonm−2 s−1 μm−1, respectively.23 Typical satellite surface brightness in V band,
independent of range, is ∼2.5 arcsec−2 when not glinting. (For reference, the moon with a mean

Fig. 2 (a) Simulated turbulence reconstructed from slopes measured with a 32 × 32 subaperture
Shack–Hartmann WFS. (b) Schematic image of WFS with frozen phase advecting across sub-
apertures. (c) The same wavefront reconstructed from 40 frames of WFS data using the FFM,
showing enhanced fidelity on small scales.
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albedo of 0.12 has a surface brightness of mV ¼ 3.4 arcsec−2.) At a range of 1000 km, SEASAT
subtends a solid angle of ∼1.5 arcsec2. We therefore took the object brightness in the two bands
to be mV ¼ 2.0 and mR ¼ 1.6, assuming solar colors.

Figure 3 shows sample images of the simulated data at each value of D∕r0. The total flux is
the same in each frame, but photon noise becomes more apparent as the light is spread over more
detector pixels in the poorer seeing conditions. The static aberration in these simulations is mod-
eled on the surface map of the mandrel in Fig. 1, fitted with Zernike polynomials through radial
order 31, and has RMS wavefront error of 560 nm, twice the surface error. The result as used in
the PSF calculations is shown in Fig. 4(a).

The best sampling of the aberration would in principle come from a WFS with the largest
number of subapertures. However, if the subapertures of a Shack–Hartman WFS are too small
then the signal-to-noise ratio of the estimated wavefront slopes becomes unacceptably poor,
partly because of the low flux and also because the diffraction limit becomes larger than the
seeing which increases the spot size. Our simulation models a WFS with a 14 × 14 grid of sub-
apertures, which are therefore rather small compared with Shack–Hartmann sensors used at other
telescopes. Our assumption is that mass-produced telescopes for SSAwill have to operate at poor
sites and will therefore benefit from finer sampling of the atmospheric wavefront. Figure 4(b)

Table 1 Atmospheric model used in the simulation.

Layer Height (km) Speed (m/s) Direction (deg) r 0 (cm)

1 0 7.5 180 24.7, 12.4, 5.9, 4.1, 3.1

2 11 30 225 41.2, 20.6, 9.8, 6.9, 5.1

Combined 3.3 14.2 194 20.0, 10.0, 5.0, 3.3, 2.5

Table 2 Optical system and object parameters used in the simulations.

Subsystem Parameter Value

Telescope Diameter 1.0 m

Optical throughput 0.5

Imaging camera Pixel scale 0.042 arcsec

Wavelength 550 nm

Bandwidth 15%

Integration time 2 ms

WFS Type Shack–Hartmann

Number of subapertures 14 × 14

Wavelength 700 nm

Bandwidth 30%

Integration time 2 ms

Satellite Object SEASAT

Range 1000 km

Imaging camera flux per frame 1.0 × 106 photons

WFS flux per subaperture per frame 1.7 × 104 photons

Number of frames in restoration 40
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shows the estimate of the static aberration derived from the WFS measurements in the case of
D∕r0 ¼ 10. The estimate was calculated from the mean value of the WFS slope data over 1000
frames (∼2 s of data). Figure 4(c) shows the error in the static aberration estimate, which has
RMS wavefront error of 36 nm, largely attributable to the filtering of the wavefront gradients by
the finite size of the subapertures. But as we show below, the estimate is sufficient to restore
imagery in even poor atmospheric turbulence because of DORA’s use of iterative joint estimation
to refine the wavefronts.

DORA restorations computed from the simulated SEASAT data sets are shown in Fig. 5. The
diffraction-limited image of SEASAT allows resolution of the body, solar panels, and some

Fig. 3 Sample frames from the SEASAT simulations over a range of turbulence strengths, indi-
cated by the value of D∕r 0. Each image is 5.4 arcsec on a side.

Fig. 4 (a) Measurement of the static aberration in the mandrel from a profilometer, fitted with 527
Zernike polynomials. (b) Estimate of the aberration computed from simulated measurements
with a 14 × 14 subaperture WFS. (c) The difference between the two, representing the error
made by the WFS.

Swindle et al.: High-resolution space situational awareness. . .

Journal of Applied Remote Sensing 042406-6 Oct–Dec 2018 • Vol. 12(4)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 08 Aug 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



substructures on the synthetic aperture radar antenna in the foreground with appreciable contrast.
By accounting for the static aberration in the wavefront FFM estimation, DORA successfully
restores the satellite even at an aberration level ofD∕r0 ¼ 40 (that is, r0 is just 2.5 cm), although
by this point some of the smallest features are lost in the noise.

The restorations in Fig. 5 are quantified in terms of the root mean squared error (RMSE)
when compared to the pristine image of Fig. 3. The RMSE is simply the RMS difference
between the two images, with each normalized to unit power. We also show the national
image interpretability rating scale (NIIRS) image quality metric computed via the ITIQUE
framework,24 where NIIRS = 6 to 7 (out of 9) is considered good. All images are on the
same scale. Since these results are computed from simulated data, one can also quantify the
image restorations in terms of the modulation transfer function (MTF). The uncompensated
MTF is computed as the absolute value of the Fourier transform of the mean aberrated PSF,
averaged over the 1000 frames of the simulation. Since DORA jointly estimates the wavefronts
in each frame of image data as well as the object, the restored PSFs and mean MTF are computed
from the residual wavefront error after convergence. The results are shown in Fig. 6, averaged
azimuthally, for the raw data and the restored results, together with the diffraction-limited case.
DORA recovers information out almost to the diffraction limit even for the strongest turbulence
tested, which is worse than the median seeing even during the day atop Haleakalā.25

5 AEOS Experiment and Results

We have carried out further tests with the AEOS telescope. To simulate the optical figure of the
CFRP mirror we used the 941 actuator DM of the telescope’s AO system. Applying the static
aberration here mimics the effect of the mandrel on the CFRP primary mirror since both mirrors
are optically conjugate to the entrance pupil. The DM has 32 actuators spaced across the diam-
eter of the clear aperture. The static aberration applied to the DM modeled the inner 80 cm of the
CFRP mirror mandrel, avoiding the chipped region. The result of mapping the mandrel surface

Fig. 5 Restored images of SEASAT under progressively worse atmospheric conditions. See text
for a description of RMSE and NIIRS parameters.
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figure onto the DM actuator grid is shown in Fig. 7, along with an image of the DM surface taken
with a Zygo interferometer that is permanently installed in the AO system. The surface displace-
ment is approximately two waves P-V. The Zygo measurement shows high spatial frequency
structure on the scale of the interactuator spacing that is not present in the commanded
shape. We believe this is caused by uncalibrated differences in the gain of the DM’s electro-
strictive ceramic actuators. The effect of this additional component in the aberration will be

Fig 7 (a) Commanded DM actuator positions (arbitrary units), compared to (b) a surface image
measured by a Zygo interferometer. Note that a small fraction of the DM is vignetted on the right
side.

Fig. 6 MTFs across the range of D∕r 0 values. Dashed line: uncompensated (raw). Solid line:
DORA processed. Dotted line: diffraction limit. The lower right panel shows all the compensated
MTFs together.
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to scatter light in the PSF to high angles, presenting a greater challenge to the restoration
algorithm.

Several stars and LEO satellites were observed in this configuration of the AO system.
Observations were made around August 6, 2017, 0600 UTC, about an hour after sunset
local time. The system uses a 32 × 32 subaperture WFS operating at λ ¼ 540 to 700 nm
and 945 fps. A fast-framing camera records images in the Sloan i’ band centered at 770 nm
at a plate scale of 0.021 arcsec∕pixel. For each star and satellite pass, the experiment proceeded
with the collection of three data sets.

1. Close the AO loop and record simultaneous WFS and imager frames; these data serve as
an on-sky truth reference.

2. Open the AO loop, flatten the DM, and record further data; with these data, a baseline
DORA restoration may be run with atmospheric aberration only.

3. Add the static offset to the DM, keep the loop open, and record data.

The quality of a restoration depends on the prevailing seeing. A useful direct comparison of
results obtained from different data sets is therefore only possible if the seeing is about the same.
Below, we show the analysis of data recorded on the binary star ζ Boötis (HR 5477/5478). When
these data were recorded, the value of r0 estimated from the variance of the WFS slope mea-
surements varied from 11.7 to 12.1 cm between steps 2 and 3 at the wavelength of observation
and was consistently around 12 cm throughout the night. Hence D∕r0 ∼ 30.

Data processing with DORA begins by ensuring that the WFS and imaging camera streams
are synchronized. We rely on a comparison between the image centroids and the mean WFS
slopes averaged over the pupil. These signals, randomly varying in time, are expected to
match. The comparison also allows us to calibrate the scaling of the WFS slope estimates
and to confirm the geometric relationship between the two cameras. The number of significant
layers of atmospheric aberration and their apparent wind vectors are established by analyzing the
spatiotemporal autocorrelation of the WFS slope estimates. These parameters are used to con-
struct an FFM of the aberration for each frame of image data as discussed in Sec. 3. The object
restoration is then carried out.

In the case of ζ Boo, the FFM analysis used 57 WFS frames per image to allow the slowest
identified layer to propagate across a full subaperture, a criterion which helps to ensure adequate
interpolation. Results of the DORA restorations are shown in Fig. 8. Mean images, averaged
over 32 frames, without and with AO and without the static error are shown in Figs. 8(a) and
8(b), respectively, to illustrate the nature of the data. With the AO running, we estimate from
aperture photometry that the Strehl ratio is 0.36� 0.03. The binary has a highly eccentric orbit
with an apparent separation that is presently narrowing by about 0.03 arcsec per year.26 At the
time of these observations, the separation of the two stellar components was 0.33 arcsec.

Figure 8(c) shows the restoration of the data without AO correction or the static error, illus-
trating the performance of DORA under conditions for which the algorithm was originally
designed. The Strehl ratio is restored to ∼90%. Assuming the Maréchal approximation
S ¼ expð−σ2Þ relating the Strehl ratio S to the standard deviation of the wavefront σ in radians,
this corresponds to an effective residual WFE of 39 nm RMS. The same version of DORA,

Fig. 8 (a) Average of 32 open-loop images of ζ Boo. (b) Closed-loop AO image. (c) DORA-proc-
essed image of the open-loop data without the static aberration. (d) Restoration of the data taken
with the static error but without accounting for it in the processing. (e) The same data set, proc-
essed with the same parameters, but allowing DORA to model the static error. Images are
displayed on square root scale.
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which does not account for a substantial static aberration, was used to process the data set with
the DM offsets applied. The result is shown in Fig. 8(d): the static error has led to a mischar-
acterization of the object which appears to comprise three point sources. The updated code, with
provision to model the static error, produces a much improved result, shown in Fig. 8(e). In this
case, the Strehl ratio of the result is ∼85%, close to the value achieved without the static aberra-
tion. While the static aberration has degraded the quality of the restoration, a diffraction-limited
result is still obtained with Strehl ratio higher than the AO system has achieved.

Finally, we have examined the performance of our approach on a fully resolved object, restor-
ing images of the LEO satellite Cosmos 1606 (NORAD ID 15369), a Tselina-D model. This
object culminated at a favorable 70-deg elevation during evening terminator, and presents several
radially distinct solar panels as seen in Fig. 9(b), as well as some spatial diversity near its center.
However, between steps 1 and 3 of the observation sequence (about 3 min), the satellite pose
changed sufficiently to prevent a direct comparison between the closed-loop AO and DORA
processed imagery. Furthermore, the satellite became more shadowed as the pass progressed,
leading to reduced visibility of its structures, particularly during the period of data collection
when the static aberration was applied.

The Cosmos 1606 data, although less dramatically improved than the stellar data, do reveal
finer structures in the object after accounting for the static layer. The extended nature of the
object likely contributes to this effect for several reasons. The aberration mixes signals in
the image from different parts of the object across the scene which changes the shape of the
error surface that DORA searches across. The global minimum becomes harder to find because
many more local minima are introduced. The finite object extent also compromises both WFS
sensitivity and linearity and degrades the WFS spot centroid estimates in the presence of photon
and detector noise, limiting the quality of the image restoration. Nonetheless, the FFM—when
supplemented with a simple estimate of the static phases—improves the measurement of
a severely aberrated PSF and mitigates the effects of the surface figure error.

6 Conclusion

Our results show that under appropriate conditions even a rather large static wavefront error,
comparable in magnitude to the random aberration introduced by the atmosphere, does not
prevent object restoration to a level of fidelity that has value for SSA purposes. The object
must be sufficiently bright to make WFS measurements and record high cadence images that
essentially freeze the atmospheric aberration. This requirement means that the approach will
rarely be useful for astronomy, but it is much less limiting for the study of resolved sunlit
objects in LEO. For that purpose, therefore, it is not essential to invest in the kind of telescope
required for general-purpose astronomy, including a high-quality primary mirror and the engi-
neering to support it. The weight of a 1-m SSA telescope may be an order of magnitude lower.
Although 1-m CFRP telescopes are not yet commercially available, cost savings are likely to
be commensurate, particularly if the primary mirrors are replicated in significant quantity from
a single mandrel.

Fig. 9 (a) Mean open-loop image of Cosmos 1606. (b) Closed-loop AO image. (c) DORA-proc-
essed image of the open-loop data without the static aberration. (d) Restoration of the data taken
with the static error but without accounting for it in the processing. (e) The same data set, proc-
essed with the same parameters, but allowing DORA to model the static error. Images are
displayed on square root scale.
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Restoration with the DORA algorithm requires the use of a WFS. While other restoration
tools operate without independent wavefront information, the use of it extends the seeing con-
ditions under which successful restorations can be achieved, and therefore the range of sites
where deployable SSA telescopes might be fielded. A simple Shack–Hartmann sensor, working
in visible light, is an inexpensive item compared even to the likely cost of a 1-m CFRP telescope,
available from a number of commercial vendors or readily constructed from commercial com-
ponents. While a complete AO system would be an attractive option for SSA work, it is likely
that both the initial and ongoing operations costs would be prohibitive. Cost-effective operation
of a large network of telescopes requires a very high degree of automation, and while there are
many examples of robotic telescopes of 1 m or larger (see, for example, Refs. 27–30), we are
aware of only one AO system that runs autonomously.31 AO technology is not yet at the point
where lightweight systems can be replicated inexpensively.

We note that lightweight replicated 1-m telescopes, whatever the technology chosen for their
fabrication, would also offer valuable service collecting photometric data on unresolved sources
such as geosynchronous spacecraft.32 The same imaging camera could be used as for the
resolved LEO objects, though the WFS may not be required. We anticipate, therefore, that
the increasing demands for SSA data may in large part be met by the development of such tele-
scopes and their broad deployment to sites around the world. With that in mind, we are currently
commissioning a 1-m CFRP telescope with a primary mirror replicated from the mandrel of
Fig. 1 to a site in Hawai’i. Subsequent evaluation will examine the effects of residual ply struc-
ture and core print-through, which will affect higher spatial frequencies of the wavefront than the
mandrel figure errors, and the suitability of CFRP technology for mass-produced SSA
telescopes.
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