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ABSTRACT

Imaging geostationary satellites is di cult because they are both too large and too small. They are too small
to resolve with existing ground-based single telescopesnd they are too large (and too faint) to resolve with
existing ground-based interferometers. Earth-rotation g/nthesis also does not work with geostationary satellites.
We have designed a common-mount telescopes which we belieigghe right instrument for geostationary satellite
imaging, and described it previously in a number of publicatons (e.g. AMOS papers Mozurkewich et al. 2011,
Jorgensen et al. 2011, Schmitt et al. 2011, and others). In tis paper we will provide an overview of the instrument
and explore its capabilities in more detail, using a typical geostationary satellite as an example. Speci cally we
will look at the fringe-tracking capability which is requir ed for phase measurement and thus imaging. We will
also look at the required integration time and its relationship to fringe-tracking capability and image quality.

1. INTRODUCTION this, including that it eliminates the need for long delay
lines, and eliminates the need for mounts on the indi-
vidual telescopes. That in turn reduces complexity and
allows for the telescopes to be placed closer together to
achieve shorter baselines which are necessary for geo-
stationary satellite imaging.*

While the U.S. has telescopes around the world capa-
ble of imaging objects in low-Earth orbit (LEO), the
capability to image high-altitude satellites in the visi-
ble and near-infrared still does not exist, and is needed
to support the Space Situational Awareness (SSA) mis-
sion. GEO satellites are typically very large, very high Geostationary satellites are also faint. Their median
value, sometimes exceeding $10°, providing essential brightness is V=13.5, with some as bright as V=10 and
military and civilian communications services (such as a few fainter than V=15.%° That satellites are faint and
satellite TV signal and other communications). In pre- large poses fringe-tracking and imaging SNR questions
vious papers:? we discussed the possibility of imaging which must be explored. We do that in this paper.
satellites with astronomical interferometers. Recently The Navy Precision Optical Interferometert

we introduce we introduced the imaging of geostation- (NPOI) has demonstrated the phasing of an optical

ary satellites with a common mount interferometer con- p5seline on a GEO source using a specular re ection of
. . 7 i ;

sists of thirdty 1.4 m telescopes on a common mountt sunlight from the source® 1112 The Magdalena Ridge

In this paper we extend the analysis of the common- gpservatory Interferometer (MROI) has been proposed
mount interferometer. as a satellite imaging interferometer because of its
Geostationary satellites have a size of a few 10s ofplanned short baselines and large aperture$.!® While

m, and the desired resolution is often a fraction of a MROI is expected to track fringes on targets as faint as
m.2 28 To achieve the desired resolution with a single- geostationary satellites, both NPOI and MROI su er
dish telescope would require a diameter of several 10sfrom baselines which are too long for optimal track-
of m to close to 100 m. Such a large telescope would beng on the very large satellite objects! NPOI has the
extremely expensive, would require a very sophisticated capability for much shorter baselines, but has smaller
adaptive optics system, and would be overkill in terms apertures with limited light collection. MROI cannot

of its photon collection capability. observe shorter baselines because of the size of tele-

An alternative is to use a interferometer. We pro- scopes and their enclosures.

pose a common-mount interferometer which involves a The Geo Light Imaging National Testbed'*
large number of individual telescopes mounted on a sin- (GLINT) is an imaging concept in which the geostation-
gle steerable platform. There are several advantages toary satellite is ood illuminated by 3 lasers simultane-



Figure 1. Three-dimensional model of the instrument. 30 telescopes a re mounted on an Alt-Az platform. In the model the individual
telescopes can be seen, as well as the ber relay pipes to the combiner room, and the combiner room.

ously. Pairs of these lasers are tagged with a frequencyproceed to system level testing.

o0 set such that the satellite is scanned in 2 dimensions

by the fringe pattern formed by the laser irradiance at 2. INSTRUMENT DESCRIPTION
the satellite. The resulting scan modulation generates
a closure phase which can be read by a simple photo
detector on the ground. The GLINT concept did not

The instrument that we propose is depicted in Figure 1.
It consists of a single mount with a size of approxi-
mately 50 m (depending on the desired resolution) and
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Figure 2. Map of stations and baselines for the array layout used : ]
in this paper. , [ i
> 107 ¢ E
approximately 30 telescopes each with a diameter of 1.4 8 1
m (depending on the desired sensitivity). In this con- 3| |
cept V-band light is used for the wavefront sensor to 10
phase the large mirrors, H-band light is used for fringe- C 1
tracking, and the imaging is carried out in the R-band. 10° i 1
The instrument and optics are described in detail in a 0 SE— —
separate paper 1 10 100

The telescopes are laid out in a non-redundant array
C_On guration, ShOWh In F'Q”re 2 together with all p(_)s- Figure 3. Visibilities as a function of baselines length in the
sible 435 baselines. The light from the telescopes is fedr_pand (top) and the H-band (bottom)
into bers which transport it to the beam combiner at
the center of the telescope. This design has a small num-
ber of mirrors and high throughput. Very importantly,
the design involves no long delay lines, and no tracking
mounts for the individual telescopes, which is likely to
reduce the cost of the system, and which also makes
it easier to install additional telescopes on the struc-
ture. Not having individual mounts on the telescopes
also makes it possible to place them closer together to 3. FRINGE-TRACKING SNR
improve fringe-tracking performance. All 435 baselines
can be observed simultaneously.

the other involving all-on-one combiner. The all-on-

one combiner has slightly better SNR characteristics.
We will however base our calculations on 435 pair-wise
combinations because those calculations are straight-
forward.

To evaluate the fringe-tracking capability of the instru-
ment we simulated observations of a satellite named
The fringe-tracking system (in H-band) and imag- Gorizont. The satellite is described in more detail in
ing systems (in R-band) are con gured di erently. For  separate papers:’ We assume the satellite has a size
fringe-tracking it only makes sense to split the light be- of 15 m and simulate the visibilities that would be ob-
tween the baselines which have large SNR. For imaging served with the telescope on this satellite. Figure 3 plots
we want all or most baselines. For combining all base- the visibilities in the R-band and H-band as a function
lines there are two basic options, one involving pair- of baseline length. The longest baseline is almost 50
wise combination (thus splitting the light in 30), and m. The top panel of Figure 3 shows the visibilities in
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Figure 4. Maps of tracking baselines in H-hand at di erent V-band magn itudes. Blue corresponds to 7 < SNR < 10 and red
corresponds to SNR > 10. For V = 12 a large number of baselines are able to track at SNR > 10. For V =15 only a few baselines
are able to track.

the R-band and the bottom panel the visibilities in the function of the satellite magnitude. Then we look at
H-band. how many of the baselines have a minimum SNR. In
Figure 4 we show, in blue, the baselines which have

In order to be able to record fringe observations it is X !
necessary to phase the array of telescopes. To do this a_7 < SNR < 10 and, in red, SNR> 10. The conclusion

su ciently large number of baselines, ideally baselines 'S t_hat the fring_e-tracking limit appears to be between
which continuously connect all baselines, must have suf- V=14 andV =15.

ciently large SNR. It is generally accepted that a SNR Figure 5 shows the number of stations which are
of several across the entire band in one atmosphericconnected to a tracking baseline. This gives an approx-
coherence time is necessary for fringe-tracking. imate measure of the ability to phase the array. The

The necessary calculations are described in our 2011/t Panel is for R-band fringe-tracking and the right

AMOS paper in section 3 and we make use of them panel is for H-band tracking. The blue curve is for
here. The fringe-tracking SNR is de ned as 7 < SNR < 10 and the red curves is for SNR> 10. The

plots show that fringe-tracking in the R-band is signif-
) icantly less e ective than in the H-band. Also, in the
SNRy = NV (1) H-band all stations are connected to a tracking baseline
up to approximately V = 14. Beyond that tracking is
lost on some stations, and by approximatelyV = 15
one third of stations are no longer tracking.

where N is the number of photons recorded in two at-
mospheric coherence times and/ is the visibility am-

plitude. Using the same assumptions as in our previ-
ous paper we compute the SNR on each baseline as a  The practical fringe-tracking limit appears to be be-
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Figure 5. Number of stations connected to a tracking baseline as a func tion of V-band magnitude. The left-band is for fringe-track  ing

in the R-band and the right panel is for fringe-tracking in th e H-band. Blue curves are for SNR > 7, and red is for SNR > 10.

tweenV =14 and V = 15. This will cover the majority However, rather than relying on subjective visual
of geostationary satellites which have a median V-band inspection of the images to determine whether they are
magnitude of approximately V = 13:5. good enough, let us develop a quantitative measure.
The quantitative measure is the normalized RMS mean
4. IMAGING INTEGRATION TIME _di erence betv_veen pixels in_ two image_s. This di erence
is measured in percent brightness di erence (normal-
The imaging capability is limited by two factors. One jzed by the true image brightness) between the same
is the UV-coverage of the telescope array, and another jmage pixel in two di erent images. We will compare
is the SNR of the individual visibilities due to photon the photon noise limited images, the zero-noise recon-
counting noise. Longer integration time will improve the  structed image, and the true original image.
image quality, but because of the UV-coverage limit the
images will never fully reproduce the object. We think
that it is reasonable to de ne a optimal imaging time to
be the time at which the image quality transitions from
being dominated by photon noise to being dominated
by UV-coverage.

Figure 7 shows this comparison. We divide the im-
age into several components, the satellite body (white
in the top left image of Figure 6), the solar panels (gray
color in the top left image of Figure 6), and the com-
bined body and panel pixels. Whether a pixel belongs
to one of the three groups, and which one, is determined

Figure 6 shows, in the top row, on the left side, the
original true image of the satellite. This is the image
used to simulate visibilities. On the right is the recon-
structed image using noise-free (in nite SNR) visibili-

from the original image. Then Figure 7 shows this met-
ric for all the images in Figure 6. The color coding is
red for the body, green for the solar panels, and blue for
either body or panels. The horizontal lines are the RMS

ties. The next 25 images are for increasing SNR, start- di erence between the original image and the noise-free
ing at 20 photons per baseline and ranging up to 2 10° reconstructed image. We can see that for the body the
photons per baseline. The solar panels can just be dis-RMS brightness di erence between the true and recon-
tinguished at 100 or 200 photons, and it appears to structed images is approximately 20%. For the panels
require 10* photons to reach full accuracy on the satel- it is closer to 10%. The three colored curves are then
lite body and 10° photons to reach full accuracy on the the RMS di erences between the noise-free image and
solar panels. the bottom 25 images which have photon noise, in Fig-
ure 6. We think that the attening of the three colored



True image Noise-free reconstruction

Figure 6. Images of the Gorizont satellite. In the top row the leftimag e is the true image of the satellite, used to simulate visibil ities.
The left image is the reconstructed image with noiseless vis ibilities. The bottom 25 images are from left to right then to  p to bottom
reconstructed images with increasing number of photons fro m 20 to 2 10° per baseline. The image of the satellite is visible after
200 photons and beyond about 104 photons there appears to be little visible improvement in th e body. After 10 ° there does not
appear to be any improvement in the image quality of the solar  panels.



tooog "t T T T T T " 3 the three di erent number photons per baseline that we
' 1 found in Figure 7. Thus, the optimal integration time
to image the satellite body of a visual magnitude 14
satellite is only a little more than 10 s, whereas for the
100 | 4 solar panels it is 4 minutes. For a 15th magnitude satel-

; 1 lites the numbers are a half minute and approximately
Body Both 1 10 minutes, respectively. It is somewhat surprising that
all of these cases correspond to the majority of visibil-
ities having a SNR of less than unity. However, a large
number of sub-unity SNR visibilities can still contribute
useful information to the imaging.

RMS difference in percent

1 . . . . 5. DISCUSSION

10 10° 10° 10"
Number of photons

The common-mount interferometer has several advan-
tages over a traditional array of individual telescopes.
Figure 7. Image RMS di erences as a function of the number of Only a smgle mount is reqwred, such th"f‘t the individ-
photons in the images from Figure 6. The pixels in the origina | ual telescopes can be made less expensive and more can
true image are divided into groups according to whether they  be- be used. Additionally, the ability to point the entire ar-

long to the white s_atelllte body (red color), the gray solar p  anels ray reduces the need for Iong delay lines which makes
(green color), or either the body or the panels (blue color). The . . .

horizontal curves are the di erence between the noise-free recon-  P€rs and ber-stretching more practical. That in turn

structed image and the original true image. The other curves are reduces the number of re ections and the light-loss on
the di erences between the noise-free image and the images w ith  the way to the beam combiner.

di erent number of photons per baseline. The crossing point  of

the horizontal line and curve of the same color represents th e In analyzing the fringe-tracking capability we found

optimal number of photons required for imaging. that the H-band is much better than the R-band for

fringe-tracking. The interferometer is in-fact designed
curves at higher photon rate is related to limitations in  to fringe-track in the H-band, control the adaptive op-
the image reconstruction software (we used AIPS). tics in the V-band, and image in the R-band. It may be

According to the previous discussion in this section POSsible to further improve the fringe-tracking by tak-
the optimal integration time is then the point at which N9 advantage of unused bands, such as K-band. The

the curve and horizontal line of the same color cross. For [iNge-tracking appears to be limited to somewhere be-
the satellite body, the red curve, 89 107 photons are tween 14th and 15th magnitude. There are several ways

required per baseline. For the solar panels it takes 12 © improve this. One possible option is to use larger
10° photons per baseline and for the whole satellite 7 t€léscopes than the 1.4 m telescopes envisioned. An-

10° photons per baseline. We can convert these photon Other option is to add a few additional telescopes to
counts into integration times for satellites of di erent Shorten some of the longest tracking baselines which

magnitude, which we consider next. limit the fringe-tracking capability. Yet another way

. . ) . may be to explore re-arranging the telescopes to shorten
F'Q“re 8 plqts the _relatllonsh|p petween satellite e longest of the tracking baselines, or to use a par-

magpnitude and integration time for dierent levels of tially redundant array. However doing the latter will

uncertainty in the visibilities. Because the uncertainty  oiminate the possibility of an all-on-one combiner

inV, v, is directly related to the visibility through ] ) o
For the imaging capability it appears that the quan-

v o P_ titative measure indicates a smaller number of photons
SNR = — =NV (2) needed than the visual inspection. It may be that the

v integration times in Figure 8 are a underestimate, per-

it is a simple matter of converting. This plot shows, for haps by a factor of 5, compared to the visual inspec-
example, that to achieve y = 0:003 for a satellite with tion of the images. If we increase the integration time
V-band magnitude of 12 requires approximately 300 s and rely on the solar panel metric, which produces the
of integration time. This also corresponds to 83% of the longest integration time, then it takes 20 minutes to
visibilities having SNR > 1. image a 14th magnitude satellite. It will then take 4
On Figure 8 is also plotted, in color, the integration Minutes to image a 13th magnitude satellite and about

time as a function of visual magnitude corresponding to
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Figure 8. Integration time as a function of magnitude. For a given visi  bility amplitude uncertainty there is a linear relationshi  p
between the the visible magnitude and the log of the integrat ion time. The colored lines correspond to optimal number of p hotons
required, from Figure 7.
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