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! Chapter I

Feasibility of CIS Operation

During Daylight Hours




1. Introduction to Chapter I

The compensated imaging system being built by Itek has been

designed for night time operation. Nonetheless, the possibility
exists that the system will be able to operate during daylight hours,

if the target is bright enough. In the first order examination of this

T —— " ——

problem, which we conduct in this chapter, the feasibility of daylight op-
eration hinges on the excess shot noise produced by the greater back-
ground brightness and whether or not this is large enough to overwhelm
the target signal. Eventually there has to be consideration of more
subtle matters, such as whether the background photon flux rate would

be so high as to saturate the photon detection/counting system, or
whether it will be possible to adjust/hold the field-of-view stop setting
with sufficient precision that the background chopping noise will not signi-
ficantly affect the measured phase of the chopped target signal. However,
such, more subtle matter will not be considered here. Instead we shall
restrict our attention to the dominant question of whether or not there is
sufficient signal-to-noise ratio available with the daylight background
present, to allow meaaingful system operation even if everything is other-

wise adequately sized.

The basic compensated imaging system, as developed for night-
time operation derives its noise limit from the photon shot-noise in-
herent in the target signal, It is therefore sufficient for our purpose to
simply concern curselves with the ratio of the daylight sky background
photons to the target photons. So long as the sky background photon flux
rate is the smaller there will be no significant degradation of system

performance. However, to the extent that it is larger, the signal-to-noise

ratio situation will be degraded and system performance will be reduced. |

One rather surprising implication of the situation with daylight

background operation pertains to the dependence on target size. We know

S
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that for night time operation, so long as the target is resolvable, system

performance does not depend on target size. Performance iz determined

W

by brightness per resolution element, and is otherwise independent of

total target brightness ( which is a function of brightness per resolution

element and of target size ). However, when the system is operating
in the daytime we need to ask about the ratio of the background flux to
the target signal photon flux, and this ratio does depend on target size,
i.e., on total brightness and not just on brightness per resoluticn element.

When the noise is due to the target signal flux, i.e., for night time op-

eration, increasing the target size and the total photon flux, only increases
the useful signal amplitude as much as it increases the rms noise, so
that making the target larger does not improve the effective signal-to-
noise ratio. On the other hand, for daytime operation, when the sky
background is producing a greater photon flux than the target, then in-
creasing the target size will increase the useful signal amplitude, but will
have onlyanegligible effect on the total photon flux, and thus only a
negligible effect on the rms noise. Thus increasing the target size will,

1 for daytime operation, improve the effective signal-to-noise ratio and the

compensated imaging system's performance,

To put the matter of daytime operation of the compensated imaging
system on a quantitative basis, in the next section we shall develop some
ratios for targct-to-sky background photon flux. In the section after that

we shall develop some scaling laws for the effect of various ratio values on

the performance of the compensated imaging system. u

IR~




1.2 Photon Flux Ratios

In this section we shall be cuncerned with the task of developing an
expression for the ratio, R , of the daytime sky background flux, B , to the

target flux, I ,

X =8/ . (1)

For convenience, because our starting data is basically available in
luminance units (i. ¢., lumens/m® and lumens/m?®-ster), we shall calculate
B and X in luminance units. To the extent that the compensated imaging
system's adaptive optics sensors have a responsivity curve like that of the
eye, use of luminosity units will provide a valid basis for comparison, and
R, as defined by Eq. (1) will be a directly meaningful number. Because

of the difference between the spectral distribution of sky brightness as
shown in Fig. 1, and that of the target brightness (corresponding to that

of the incident solar spectrum), which is shown in Fig. 2, we may expect
that a comparison of luminosity values will not exactly represent the situ-
ation if the sensor's responsivity is not exactly proportional to luminosity.
For the purposes of this analysis, however, it is reasonable to expect that
such an effect will be sufficiently minor that we can ignore it here—and

accordingly, will carry out our calculations in luminosity units.

The sky background flux, 8 , measured in lumens, can be

written as

B = BO (48.5% 1076) A (2)

where B is the sky brightness (in units of lumens/m®-ster), 6 is the width of the

sensor field-of-view (in units of radians), 48.5 x 107® radians is the nom-
inal length of the sensor field-of-view (corresponding to ten arc-seconds),

and A is the telescope's effective aperture area. The magnitude of the sky
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brightness, B, depends on the zenith angle of the line-of-sight and on the

position relative to the sun.

In Table 1 we show some sample values of B,

Resiricting attention to zenith angles of 60° or less, and avoiding the region

of sky within 45” of the sun, the relevant range of values of B run from about

1000 lumens/m?2-ster to about 6000 Lu.mens/mz-ster, il.e.,

1000 < B <6000

lumens/m®-ster .

(3)

The value of § , the width of the field-of-view will be larger than the target's

angular diameter, 8, , and recognizing isoplanatism problems need never

be any greater than 48.3 x 10™° radians (i.e., ten arc seconds).

Can write

6y < 8 < 48.5x 107% radians

Thus, we

(4)
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Table 1. Model clear sky luminance distribution (cd/mP)¥ for

a solar elevation m/4 rads, azimuth 0 rads,

. <
From Overington®.

Flevauon (rad)

Azimuth (rud)' 1] m/12 n/6 4 n/3

0 16 580 13840 15980 2000 5890
n/4. Tn/4 9250 6990 5824 S070 3940
n/2, 3r/2 S 000 3238 2418 2107 2035
3n/4, Sn/4 4 38§ 2597 1 658 1357 1364
n 4728 2665 1569 1213 1179

——
Sn/12 n/2
—_—
3 347 2145

2994 -
2151 -
1597 -
1466 -

The target signal flux, ¥, depends on the target brightness,

measured in stellar magnitudes per resolution element, mg; , where a

resolution element is the solid angle subtense, SRe

circle of angular diameter equal to 2.44 A /D

Qpe = 21 (2.44 A/D)°

associated with a

(5)

A target with a circular cross-section of angular diameter 8; subtends

a solid angle of
Qp =gme?®

Since a zero-magnitude star produces a flux density

lumens/m?® then the total target signal flux will be

T = 2,65x% 1078 x 10-(m"5/2'5) A (G /e )

Assuming that the system spectral band may be considered to be centered

atA =0,55X%X 10 m , and taking note of the fact that the system's aperture

diameter is D = 1.6 m, we get from Eq. (5)

(6)

of® 2,65 % 10~®

(7)

* Luminance brightness unit: cd/m?2 = lumens/m? - steradian,

-6




Qpe = 5.525x 1071% ster . (8)

It is convenient to write

Qr /e (6;/(2.44 A/D)]?

it

33,4 (8,/4.85 x 1076)% | (9)
Substituting Eq. (9) into Eq. (7) we get

< 2 -
T = 8.86x 107 \Z'é%&ﬁ'*) 1o (Mre/2:5) (10)

When we substitute Eq.'s (2) and (10) into Eq. (1) we obtain for the ratio

of the sky background flux to the target signal flux

/ 81 VT2 (myg /2.5)
e ————
0. 5518 (T ioau®, ¢

3B
1]

’ 0 N By et (mnE/z'S)
B \Z 85x10-%/)\7.85x10-5 1O ?

2,66 x 107° (11)

which quantity we wish to evaluate for various target sizes and brightness,
over the range of background brightness defined in Eq. (3) . Sample re-
sults are listed in Table 2. As can be seen the value of ® is greater than
unity for all cases where the target brightness is as faint or fainter than
m,; equal 9™ magnitude per resolution element for the lower background
sky brightness, i.e., B = 1000 cd/m®. For the higher sky brightness,
i.e., B = 6000 cd/m®, the value of R is greater than unity for all cases

where the target brightness is as faint or fainter than 7" magnitude per

resolution element.
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In general we may say that a value of Ras great as unity significantly

degrades sysiem performance relative to what it might be in the absence of

the daytime sky background—anrd that larger values result in larger degra-
dations. In the next section we will develop quantitative estimates of the

extent of the degradation,

sy
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1.3 System Performance Degradation

If the wavefront sensor of the compensated imaging system is per-
fectly aligned, which we shall assume to be the case, then the only funda-
mental problem produced by the presence of the daytime sky background is
the introduction of additional shot noise in the detector output. It is easy
to see that with a ratio of background flux to target flux of & , the rms
noise level from the detector will be increased by a factor of (R + 1)¥2,
and the achievable signal-to-noise ratio will be reduced by a factor of
(R + 172, To take proper account of the effect of background on system
performance it is (at least nominally) necessary to recall that in practice
the compensated imaging system's operation is adjusted to achieve, to
the extent possible, a balance between wavefront fitting error, time lag
induced error, and shot noise induced error. These last two errors are

both dependent on the servo bandwidth, which is adjustable. As the servo

bandwidth is increased the time lag error is reduced, but the shot-noise

error is increased, and vice versa. Nominally the servo bandwidth is
chosen based on the target brightness, measured in steilar magnitudes
per resolution element, as it is this together with bandwidth that deter-

mines the achieved signal-to-noise ratio. Extensive calculations of the

Wﬂ’ rm —

trade-off's involved have been performed by Itek, to provide curves of

achievable performance as a function of target brightness for various |
engagement conditions (i.e., for various atmospheric turbulence dis-

tributions and target angular velocities).4 It is obvious from consider-

ation of data such as this that the dependence of system performance |

on target brightness (for night sky background) is quite complex.

- B s

I
l Fortunately, to take full account of the effect of daylight sky bright-
ness on system performance it is not actually necessary to repeat all of
the trade-off optimization work with each combination of background and tar-

get fluxes. Instead, we can make use of the existing results for nighttime

=ii=
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operation by defining the concept of an equivalent target brightness. For
each combination of background and target fluxes there is some constant
which relates the measurement/servo bandwidth to a shot-noise limited
signal-to-noise ratio or rather to the shout-noise limited rms wavefront
measurement error. This same constant also applies to the night sky case
for some particular target brightness. This is the equivalent target bright-
ness. We may equate the combination of actual target brightness, me
target size, O, field-ot-view width, 8, and sky background brightness, B,
with this equivalent brightness, M, . We can then look up the system per-
formance for the equivalent target brightness under nighttime sky backgrouad
conditions, and apply what we find to the corresponding daytime sky back-

ground situation.

Considering that the shot-noise limited performance in the presence
of sky background is degraded by a factor of (R + 1)™¥2, and since the
shot-noise limited performance against a nighttime sky varies, as a func-
tion of target brightness, as 10-(m"5/5), then it follows that the equiva-
lent brightness, Mg, is related to the actual target brightness, mg , by

the equation

10'(’?’“5/5) = (R +1)7V2 107(M%e/5) . (12)

Solving for the equivalent brightness, we get

Mg = mg +2.5 logy R+ 1) . (13)

In Table 3 we show the values of the equivalent target brightness for the
same set of conditions of actual target brightness, target size, field-of-
view widths and sky brightness as were treated in Table 2. Accordingly,
as we take the useful night sky performance cut-off to occur at 10™, 12",
or 14™ magnitude per resolution element, the daytime sky cut-off can be

seen to occur at smaller but often still interes'ing levels of actual target

brightness.
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Chapter 11

Configuration and Analysis
for an

UpLink Experiment/Demonstration
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analyzing various performance considerations for the experiment(s).

AR | Introduction to Chapter 11

Evaluation and demonstration of the technology associated with
an UpLink adaptive optics transmitter is a critical requirement of the
SLC program as well as of several other programs of potential interest
to various user communities, ln this chapter we shall be interested in
the definition and evaluation of an experimental program that will allow
this assessment and demonstration to be accomplished —and which will,
of course, force the necessary degree of advancement of the technology.
I'he ultimate objective of the program will be to obtain assurance that we
know how to build an UpLink adaptive optics transmitter, capable of nearly
diffraction limited performance. In defining the prograni we have taken
the following positions. 1) That the experiment design should be such as
to minimize the cost for experimental aspects that are not part of the
adaptive optics transmitter per se. 2) That the adaptive optics trans-
mitter must be large enough to not only challenge the device fabrication
technology, but also to provide a significant improvement in antenna gain
relative to what could be achieved without adaptive optics. However, it
need not be as large as the transmitter that would be used with an oper-
ational UpLink system. 3) That an experimental program consisting of
several parts, each designed to explore diffierent aspects of the UpLink
adaptive optics technology would be acceptable if (a) taken together the
sum of the experiments provide coverage of all of the tcchnical questions,
and if (b) the division of the program into several par:s provides a logical

and cost effective approach.

In the next section we shall offer some specific comments concern-
ing the driving aspects of the design of the experiment(s), and will try to
develop some general guidance for the design. The section after that will

present a suggested experiment package. This will be followed by sections

i




.

2.2 General Considerations

The key to an evaluation of the performance of an UpLink adaptive
optics transmitter is a measurement of the transmitter antenna gain. The
S1.C system1 will have a very large diamecter relay mirror in a synchronous
orbit position which will reflect the incident laser energy back toward the
earth.  Assuming, that the relay mirror has associated with it a suitably
positioned and sufficiently intense beacon, then a well designed adaptive
optics Upliink laser transmitler should be able to achieve nearly diffraction
limited performance in delivering power to the relay mirror. We would like
to carry out an experiment using a full size UpLink transmitter and a suit-
ably sized relay mirror, which would demonstrate the ability of the UplLink
transmitter to do this by monitoring the laser energy returned to the ground
via the relay mirror. Not only would such a system allow full validation of
the technology involved, but with only a "modest" power laser source it could

provide a reduced but none-the-less useful level of channel capacity for SLC.

Unfortumtely this type of experiment is more complex and more ex-
pensive than we should consider undertaking in a near term, initial eval-
uation/demonstration of UpLink adaptive optics laser transmitter technology.

Fortunately, it is not necessary to go to anything like this level of system

- ——— Tl . gy "

verisimilitude to evaluate/demonstrate the UpLink transmitter technology.

First of all it is not necessary to have a large diameter relay mirror satellite
ir orbit. All we want to do is confirm that the antenna gain of the UpLink
adaptive optics laser transmitter is as large as expected —and to do this it
is sufficient that we have some small diameter unit which will allow us to
determine the power density at the orbital position. Strictly speaking, itis
not even necessary that this sensor be located in a synchronous orbit, or

even at a similar range.

Moreover, itis not required that all aspects of the propagation prob-

lem be exercised in one experiment. W hat is necessary is that in some

form each aspect of the problem be exercised during a set of experiments and
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that we be able to compare experimental results with theory. This will
allow us to develop the conclusion that we understand all relevant aspects
of the problem and that as far as the UpLink portion of the SLC concept is

concerned we need not worry about any surprises at a fundamental

(propagation phenomenology) level. If, in addition the experimental adaptive
optics laser transmitier has a reasonably large aperature i.e., D/r, is

large enough, say ten or greater, so that the adaptive optics hardware

represents a nontrivial correction capability, then we could conclude from a

successful set of experiments that we are '"on top' of the situation.

The possibility of factoring the experimental problem into a set
of distinct tests offers us some very useful options. We are particularly
concerned with the cost/complexity associated with the isoplanatism problem
and the corresponding difficulty of station-keeping to maintain the proper
distance between the beacon satellite and the satellite that will fly in the
position of the relay inirror, (which latter satellite will provide the basis for
measurement of the UpLink laser transmitter's antenna gain. ) In fact, we
feel that the station-keeping requirement gets us into a set of cost constraints
that must be avoided. We shall outline in the next section an experimental
concept with no distinct beacon satellite— this experiment being based on a
single very simple (low cost?) satellite. This means that we will not only
have an isoplanatism problem, but that we will not be able to vary the station-
keeping zrror so that we can see how the anisoplanatism effect varies with

; station-keeping error. But the satellite should be low cost.

To augment this experiment and allow all aspects of the propagation
problem to be exercised we would alsc run an experiment utilizing an air-
craft in place of the satellite at the far end of the UpLink beam. The air-
craft experiment will not involve ug with the problem of sending a colli-

mated beam all the way up through the atmosphere—but we will get a handle

on that part of the propagation phenomenology in the satellite experiment.
What we will get {rom the aircraft experiment that we cannot afford to try

to get from the satellite experiment will be the ability to change the angular
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Sc¢paration between the beacon and the real aim-point of the UpLink trans-
mitter, and the ability to work at various zenith angles and ranges. From
the first experiment we will get data that will allow us to confirm that we

do understand how anisoplanatism will effect the antenna gain of the UpLink
transmitter. From the second we will get the ability to ¢xperimentally verify

our theoretical understanding of how servo bandwidth and the size of rp effects

the antenna gain of the UpLink transmitter. Also, we will be able to detlerinine

from this the validity of our undcrstanding of beacon intensity scintillation

on antenna gain.

In general our philosophy in configuring both a satellite experiment
and an aircraft experiment is that the aircraft experiment will be versatile
and allow us to test al] aspects of the theory that are of interest to us. The
satellite experiment on the other hand will not be particularly versatile. It
will be constrained by cosi conside rations, and will have as virtually its
only objectives the need to Previde assurance that sending a collimated beam
all the way through the upper atmosphere, (which the aircraft experiment
does not probe), and then into deep space does not introduce any great sur-
prises. The satellite experiment ‘will also, of course, provide z kind of
""cap stone, demonstration that the UpLink adaptive optics laser transmitter
can indeed transmit to a relay mirror satellite jn deep space with the theoret-

ically expected antenna gain.

The section after this will take up the description of the aircraft and
satellite experiments. Analytical considerations for experiment design are

presented in the section after that.
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2.3 Experiment Description

It will be convenient to first describe the aircraft experiment and
then turn our attention to the task of describing the satellite version of the
| UpLink experiment. This will allow us to apply our attention to a rather

straight forward experiment first, and only later take up a consideration

| of the "machination'" we have to go through to have a suitable beacon with
| a low cost spacecraft. In the following two subsections we discuss first the

aircraft experiment and then the satellite experiment.

iy
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2.3.1 Aircraft Experiment

For the aircraft experiment we would utilize the Compensated
Imaging System adaptive optics installed in the 1. 6 m diameter tele-
scope at the DARPA AMOS facility, as the laser beam transmitter. An
aircraft mounted beacon and laser power detector would be used to pro-
vide a refercnce source for the adaptive optics and to evaluate the
effective antenna gain of the laser transmitter. The aircraft would fly at
some constant altitude in a circular path, centered about the AMOS facility.
Depending on the choic