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PREFACE

The final report of the Optical Technology Apollo Extension System study.
prepared for NASA/Marshall Space Flight Center under Contract Number -~
NAS8-20256 is presented in six volumes. The study was a'team effort by
Chrysler Corporation Space Division. (CCSD) (prime contractor), Kollsman
Instrurient Corporation (KIC) and Sylvania Electronic Systems (SES).-"
Volume 1, containing the Program Results (1.0, 2.0, 3.0 ahd 4.0) and the
Optical Technology Development Plan (5.0, 6.0, 7.0 and 8.0) was the reerrm-
sibility .of CGSD.

Volumes 2 and 3 contain the Recommended Experiments (9.0 through 11.0;
Integrated Experiment Requirements (12.0) and Other Experiments (13.0

The SES experiments are:
9.6.1 Optical Heterodyne Detection on Earth
9.6.2 Optical Heterodyne Detection in Space
9.6.3 Direct Detection on Ferth
9.6.4 Megahe?tz Optical Communication
9.6.8 10 Micron Phase and Amplitude Correlation
9.6.9 Pulse Distortion Measurements
The KIC éiperiments are:
9.6.5 Precision Tracking of a Ground Beacon
9.6.6 Point Ahead and Space-to-Ground-to-Space Loop Closure
9.6.7 Precision Tracking from One Ground Station to Another
10.2.1 Fine Guidance
I1.4.1 Thin Mirror Nesting Principle
11.4.2 Primary Mirror Figure Test-and Correction
The CCSD experiment is:

10.2.2 Comparison of Isolation Techniques

iii



Integrated Experiment Requirements (12.0) and Other Experiments (13.0) were
the responsibility of CCSD except for Residual Atmosphere Scattering Bzperi-
ments (13.2.4) which was the responsibility of SES and Astronomical Uses of
the OTABS Fine Guidance Telescope (13.3.2) which was the responsibiliby of
KiG,

Volume 4 contains Systems Integration. OCCSD: prepared Candidate Missiois
{14.0), Marmed Operations (15.0), Mission Analyses (16.0), Baseline Space
Enviromment (17.0), Reliability {18.0) snd Svatem Bermdnemente fO0R0% 7
SES prépared Ground Stations (19.0).

Volume 5 conbaining Subsystem Design was the responsibility of CCSD-éxcept

for the Data Management Subsection which was prepared by SES and the Fine
Guidence Thermal Analysis (27.5 and 27.6) which was prepared by-KIG. This
volume includes Design Inbegration (21.0), Structural and Mechanical Sub-
system Design (22.0), Guidance, Navigation and Control. {23.0J},. Propulsion and -
Reacbion Control (24.0), Electrical Power (25.0), Environmental-'Control (26.0),
Theimal Contrel {27.0), Data Management {28.0), Weight apd Macs Promertsas
{29.0) and Crew Equipment {30.0).

Volume 6 containing the Resource fdnalysis (31.0, 32.0 and 33.0} was the
responsibility of CCSD.
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EXPERIMENTS

_9.0 OPTICAL PROPACATION EXPERIMENTS

The ‘scientific accomplishments of future NASA space missions will depend-upon-a
continuing broad research and technology program, Many manned and unmammed:

‘ space programs essential to our national scientific objectives will.depend.upon - *
major technological advancements during the next few years, This i particularly
true of atrhospheric science and of planetary explorations —- the continuing.im-
‘provement in kmowledge of our own planet and its atmosphere, the long~standing
goal to begin intensive exploration of Mars and Venus inthe mid 1970's, and the
renewed interest in probes of Jupiter and Mercury lgter in that decade..(1) The..
practicality of such missions will depend heavily upon the exploitation-of electro-
magnetic techniques, The inherent precision of optical technology can offer-solv

" tions or alternatives to those present mission constraints that relate to sensors:
resolution and energy transmission.

I héw technigues ave to be ready when these new programs are defined, today's
‘résearch and technology development efforts must be directed toward broad arveas
of potential applications. Therefore, the best strategy ig to pursue a program of
timely development of alternatives through methods which have the broadest pos-
sible prospect of success, Optical techmology offers such a set of alternatives anc
should, therefore, be prosecuted in this broad fashion, . This is pariicularly irue
for those optical techniques which apply to atmospheric science, communication,
and those planetology measurements which depend upon remote optical sensing
through planetary atmospheres,

Each of these applications i*equirev additional research in propagation —~ the infter-
action of wave energy with the medium through which it passes. Atmospheric
physics offers a valid theory for propagation through a turbulent medium; yef, viable
mathematical solutions have not been derived for optical frequencies, Section 9.1,
First Justification -~ Optical Propagation in & Turbulent Atmosphere, discusses

the present state of turbulence theory and the empirical contributions needed. The
OTAXS experiments are essential to these needs.

Such propagation research also constitutes the essential first step in optical com~
munication research., Indeed, the most promising operational applicationfor lasers:
is wideband communication over extremely long distances. The communicafor

H E. M, Cortright,_ nFufure Automated Space Mission Requirements,” NASA/
Electronie Industries Association Briefing on Aerospace Elecironic Systems
Technology, May 3, 1967,
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must consider both the propagation disturbances which distort the received signal
and other noise which appears in that signal due to the environment of his receiver.

In the eyes of the communicator, optical techniques simply offer a new electro-
magnetic frequency band. From a commumication engineering viewpoint, there are
two approaches by which to exploit 2 new band: the postulate or the diagnostic, In
the past, such exploitation has frequently been solution oriented; i.e., sach of the
feasible communication system forms have been postulated and tested -- freqhei:tly
résulting in dramatic forward strides in communication technology. However, this
traditiondl approach occasionally proves less than optimum. A case in point is
troposcatter communication, a valid form for which progress has been slowed due
to heterogeneous results from-the early solutlon-orlented test programs. In retro-
spect, the d1agnostlc approach would have been qu1te effective in the troposcatter
case since most of the early test program difficulties are traceable to the state of
knowledge of the transmission medium at that time. To avoid similar difficulties,
it is essential that a'foundation 0f~spaceborne optical communication d1agnost1c:
data must’be obtained, The dlagnostm approach is discussed in section 9, 2, Second
Justification -- Optical Communication Diagnostics.

The OTAES optical propagation experiments, singly and as a group, are advanced-
as a meéans for studying both the Earth's atmosphere and as a prerequisite-to w1de-
band optical commumcatmn from space to Earth:

I, Opticz_a.l Heterodyne Detection on Ea_rth (section 9.6.1)

‘2. Optical Heterodyne Detection in the Spacecraft (section 9. 6. 2)

3. Direct Detection on Earth (section 9. 6. 3)

4. Megahertz Optical Communication (section 9.6, 4)

5. . Prec1s1on Tracking of a Ground Beacon (section 9, 6. 5)

6. Point Ahead and Space-to-Ground-to-Space Loop Closure (sectmn 9.6.6)

'i" Transfer Tracking from One Ground Station to Another (section 9 6, 7)

8. 10 Micron Phase and Amplitude Correlation (section 9. 6. 8) )

9. Pulse Distortion Measurements (section 9.6.9).
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9.1 FIRST JUSTIFICATION — OPTICAL PROPAGATION IN A TURBULENT

ATMOSPHERE

Earth orbital laser tests are initially justified by the currently limited physical
description of the atmosphere. Although a rigorous fundamentgl theory of turbu-
lence exists, its solutions are characterized either by 51mp11fy1ng assumptions, or
by unevaluated forms. The OTAES Optical propagation experiments are designed
to verify or define many of these theoretical predictions.

The various manifestations of the atmosphere degradation of a laser heam are in-

) terrelated and their separatmn info rigorously defined, distinct observables is not
possible, Nevertheless it is physically meaningful to distinguish certain quali-
tative characteristics and their influence on direct-detection and cplical hefercdyne
receivers. The effects of molecular and aerosol scattering and absorptlon are
omitted, recognizing that these effects may also be quite 1mportanf: since they give
rise to (possibly time-varying) attenuation and spreading of the beam, The effects
due to turbulence are:

a. Amplitude flucutations (scintillation). At short ranges, a laser beam re-
mains intact, and the amplitude variations are simply due to fluctuations
in the overall cross-section ("breathing'). (1) At ranges exceeding a few
hundred meters (i. e., in the far-field of the "inner scale of turbulence”
to be discussed below), the beam takes on a "boiling" appearance with
light and dark patches throughout, The instantaneous intensity is no longer
correlated across the entire beam. At still longer ranges, dependmg on
the amount of turbulence, severe breakup of the beam is observed(”tear-
ing"),(2,3) This effect necessitates the use of a large receiver aperture
in order to smooth out the fluctuations in the total received signal; in cer-
tain cases such as an optical heterodyne receiver, this requirement for a
large aperture may conflict with other considerations,

b. Steermg of the beam. The overall bea:m in the receiver plane is observed
to move laterally. This dictates the use of large or multiple receivers and
increased transmitter beam-divergence angles,

(1} P. Beckmann, "Signal Degradation in Laser Beams Propagated Through a
Turbulent Atmosphere, " Radlo Science J. of Res., vol. 69D, April 1965,

. pp. 629-64.0,

2y W. R. Hmchman a.nd A, L. Buck "Fluctuations in a Laser Beam Over.9 and
90 Mile Paths," Proc, IEEE (Correspondence), vol 52 March 1964, pp.
305-3086,

(3) dJ. R, Whitten, G. F. Prehmus, and K. Tomiyasu, "Q-8witched Las_er Beam
Propagation over a 10-Mile Path," Proc, IEEE (Correspondetic'e), vol, 53,
July 1965, p. 736,
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c. Destruction of 1ateral phase coherence. Turbulence largely destroys the
spatial coherence of the received beam, and the phase-correlation or
coherence area becomes small — on the order of centimeters or milli-
meters, depending on conditions. (¢} This coherence area represents the
maximum effective aperture of a fixed heterodyne receiver, (5) but is
largely immaterial in the operation of a direct-detection system. {(An ex-
ception to this is in the case of a detector with a very small active area, (6)
The spatial coherence effect may be conceptually (and even rigorously)(?)
divided into two sub-effects, image "dancing” and image "blurring. ™

d.  Transit-time fluctuations in the beam. This effect may limit the maximum
_ information bandwidth in wideband systems, but is generally small and dif-
ficult to measure, (8)

e. Depolarization of the beam, It has been commonly assumeéd that atmo-
spherically induced changes in beam polarization will be negligible. This
assumption is especially pertinent to the consideration of polarization-
modulation systems, Although, there have been reports of significant de-
polarization effects due to turbulence or aerosol scattering, 9) recent
experiments showed no measurable depolarization.

The phase and amplitude effects associated with turbulence occur at low- and sub-
audio rates. However, amplitude modulations caused by the atmosphere cannot be
eliminated through the use of high modulation frequencies, contraryto some state-
‘ments in the literature, because the effects ave multiplicative rather than additive,
and hence are not spectrally separable.

)

(5
(6)
{7}
(8)

®

I. Goldstein, A. Chabot, and P. A, Miles, '"Heterodyne Measurements of
Light. Propagation Through Atmospheric Turbulence,” Proc, IEEE, vol. 53,
September 1965, pp, 1172-1180, '

A. E. Siegman, "The Antenna Properties of Optical Heterodyne Receivers,”
Proc, IEEE, vol. 54, October 1966, pp. 1350-1356.

J.R. Kerr, "Microwave Bandwidth Optical Communications Systems," Proe,
IEEE (to be published).

D. L. Fried, "'Statistics of a Geometric Representation of Wavefront Dis-
tortion," J. Opt. Soc. Am., vol. 85, November 1965, pp. 1427~1435,

F. E. Goodwin, '"Lhe Measurement of Optical Phase Noise Over Long Atmos-
pheric Paths," Proceedings of the Conference on Atmospheric Limitations
to Optical Propagation, Boulder, Colo,, March 1965, p. 203,

D. 1. Tried and G.E. Mevers, "Atmospheric Optical Effects--Polarization
Fluctuation, ' J. Opt. Scc, Am,, vol., 55, June 1965, pp. 740-741,
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The above phenomenological descriptions have been mathematically déscribed uging
geometrical optics, (1,10) Unfortunately, these descriptions also use an incorreet
representation of turbulence, as discussed below. The '"edrrect' theory of tur-
bulence used with geometric or physical optics leads to expressions in which the
aliove effects are all lumped into a total scintillation, phase fiuétuation; or loss of
coherence.

9:1.1 Theoretical Description of Turbulence Effects on Optical Propagation

The central physical quantity in the theory of turbilence effects is the refractive
index, and its statistical description is in terms of & spatial correlation br §titic~
ture funection. These statistics are in turn related to meteorological vafidhles fnd

the aliitude.(11) A rigorous theéory of turbulence derives d somewhdl coniplicited
correlation function known as tiie Obukhov-Kolmogorov (O-K) function; in which the
refractive index variations are characterized by a so-called Hmacrogcale’ (otiter
scale) and "microscale” (inner scale), The O-K function is used in the well-khown
work of Tatarski, (12) and by many of the authors in the current literature. Al=
though the optical propagation descriptions are quite ineomiplete; the Kolinogorov
turbulence theory per se is condidered to be completely verified by experiment, (12,13)

" A.much simpler approach is fo ignore the micros eale; which is on the order of
millimeters, and formulate the correlation furiction of refrdctive index a8 Gdussian.
The remaining authors use this approach.(1,10,14) The difficulty with the Gaussian

“theory is that the mutual interference of beamlets deflected by the microscale is
ignored, which has led to the erroneocts inference that geometrical OpthS may be
applied over any terrestrial path. (1) Also, a serious error arises in the functiohal
dependence of somé of the results obtained with this theory, even-in the range of -
validity of geometrical optics, This will be discussed in pdragraph 9,1.1.2,

(10)  H. Hodaré. "Lager Wave Propagation Through the Atmosphere,' Proc. IEEE,
) vol 54, March 1966, pp., 368-375,
(11) R. E. Hufnagel ‘and N, R. Stanley, "Modulation Transfer Function Assucmted
with Image Transmission Through Turbulent Media; " J. Opf. Soc. Am.; vol.
.. 54, January 1964, pp, 52-61, _"
(12) V I, Tatarski, Wave Propagation in a Turbulent Medium, McGraw—Hlll Book
Co. , Inc., N.Y., 1961,
(13) J. L. Lumley and H. A. Panofsky, The Structure of Atmospheric Turbuience,
_ John Wiley and Sons (Interscience), N.Y., 1964, -
(14) L. A. Chernov, Wave Propagahon 1n a Random Medlum McGraw—Hlll Book
Co., Inc,, N. Y., 1960,
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Use of the Obukhov-Kolmogorov turbulence theory is unavoidable if realistic re-
sults are to be obtained. For its derivation, the structure function, covariance,
and correlation function of a physical quantity (x) are defined as follows:

Structure function = Dy(r) =<x1 - x2)2>
Covariance = Cy(r) =<(x1 - X) (xp - X >
Correlation function = <x1x2>

where ;: is the mean value of x, and points 1 and 2 ‘are separated (in the transverse
plane) by a distance r. Isotropy and lateral stationarity of the statistics are also
assumed, Note.that

Variance. = Cy (0)
and
. Dg(r). = 2Cx(0) - 2Cx(r)

In essence,. the result of this.theory is an expression for the structure function of
. the refractive index (n) as follows: .
: 2 2/3
-Dylr) =Cp (h)r (1)
_ The quantlty ~C§ (h) is the refractive index "structure constant, ' and is a function
of height and the strength of the turbulence, It is also simply related to a strue-

ture constant of temperature, (11) This is known as the "two~thirds law, " The
other pertinent parameter is the microscale of turbulence, which we denote by J?ro.

9.1,1.1 Basic Results of the Theory

The statistical solution for optical propagation in a turbulent medium is expressed
bagically in terms of structure functions and variances for the phase and logarithm
of the amplitude, and in terms of the mutual coherence function of the received
beam, These functions are expressed in terms of the refractive index structure
constant, Cy, the inner scale, £, the wavelength, A, or wavenumber, (27 /A), and
the distance or range, L. Until recently, the solutions were mogfly limited to con-
sideration of an infinite plane wave incident on the turbulent region, which unfor-
tunately only applies to the case of starlight or a spaceborne laser. A detailed
solution has now been obtained for the case of a point source (spherical wave prop-
agation) in the-turbulent medium, and a partial solution, in terms of unevaluated
integrals, has been obtained for the actual case of a laser beam. However, im-
portant unresolved questions remain.

I11-6



The solutions are obtained in most cases by means of a solution of the wave equation
for propagation through an inhomogeneous medium, (12) The two principal matlie-
matical techniques used are those of geometrlcal optics (the WKB approximation)
and a perturbation approach ascribed to Rytov. 2) Geometrical optics fail to take
into account interference between refracted beam-~components, and hence are not -
valid beyond the near field of the inner scale (a few hundred meters, typically).
The Rytov approach, which allows the use of physical optics, extends the solution
to the far field of the inner scale. This approach has been questioned by a number
of authors on mathematical grounds. (11,15,16) These particular questions “have
apparently been satisfactorily answered by Fried(17) and DeWolf. (18) However,
there is still a range beyond which the Rytov approach must be viewed with cauf:mn.

The sifuation for the mutual coherence function or Modulation Transfer Function
(MTF)(15-) is unique, in that the wave equation need not be involved, and the Rytov
approximation can be circumvented. The MTF, however, contains only limited
information, i.e., the resolution of an image in the focal plane of the receiver
optics (which is directly related to the performance of an optical hetercdyne re-
ceiver). The solution for the MTF for infinite plane wave propagation over a
horizontal path, is ’

M(r} = exp [— %D(r)} (2a)

2
-

where D(r) is the "wave structure function' given by
D(r) = (2.91 K2 1, CE) B3 =g (2h)

This solution was first obtained by Hufnagel and Stanley{11) uging an approach
which circumvented the Rytov approximation. In their solution it was stated that
"diffraction and scintillation cancel' insofar as the MTF is concerned, so that the

(15) M. J. Beran, "Coherence Properties of Radiation Passing Through a Random
Medium, " Stanford Electronics Laboratories, Stanford, Calif., Techmcal
Report SU-SEL-65-086, September 1965,

(16) W. P. Brown, Jr., '"Validity of the Rytov Approximation in Optical Propa~
gation-Calculations, " J. Opt. Soc. Am,, vol. 56, August 1966, pp. 1045~
1052, .

(17) D. L. Frled A lefusmn Analysis for the Propagation of Mutual Coherenee, "
(to be published). i

(18) D. A. DeWolf, (to be published). Also see D. A. DeWolf, "Wave Propagafion
Through Quasi-Optical Irregularities,' J. Opt. Soc. Am., vol. 55, July 1865,
pp. 812-817. -
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results are valid for any range L., Their method was questioned in regard to an
averaging procedure, (15,19,20) but this objection has been explicitly answered
by Fried.(17) Furthermore, this result has now been obtained using an entirely
different and highly physical argument(17) and by other mathematical means. (15)
Finally, it has been obtained by Fried using the Rytov approximation{21) which is
taken as further indicating a general validity for the Rytov approach. Fried has
also dropped certain small-angle approximations.

The solution of Eq. (2) thus seems well established. Beran(22) and Fried(®3) have
also obtained the MTF for a point source (spherical wave). The essential change
caused by a spherical wave is that D(r) of Eq. (2b) must be multiplied by a factor
of 3/8 The MTF for laser beam propagation has not been obtained,

The result for the MTF [Eq (2a)] implies a "coherence area" of radius r, given
py(21)*

T ’,=[6. sé/A]s/ > (3a)
where A is defined by
D(r) = A /3 (3b)

in either the spherical or plane wave case, This parameter r, has great signif-
icance, since it is obtained from a theoretical development which does not require
the Rytov approximation, In particular, ry describes the maximum useful aper-
ture for an optical heterodyne receiver, (4) and may have other implications as
described later,

(19) D. M, Chase, ""Coherence Function for Waves in a Random Media, " J Opt
Soe. Am,, vol. 55, November 1965, pp. 1559-1560,

(20) E. A, Trabka, "Average Transfer Function from Statistics of Wavefront
Distortion," J. Opt. Soc. Am., vol. 56, January 1966, pp. 128-129,

(21) D. L. Fried, "Optical Resolution Through a Randomly Inhomogeneous
Medium for Very Long and Very Short Exposures, ! J. Opt. Soc, Am.,,
vol, 56, October 1966, pp. 1372-1379.

(22) M. J. Beran, "Propagation of a Spherically Symmetric Mutual Coherence
Function Throukh a Random Medium, " IEEE Trans. on on Antennas and Propa-
gation, vol. AP-15, January 1967, pp. 66-69,

(23) D. L. Fried, "Limiting Resolution Looking Down Through Atmosphere,"

J. Opt, Soc.” Am., vol, 56, October 1966, pp. 1380-1384,
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In order to obtain more detailed information concerning separate phase and scintil-
lation effects, we must use the wave equation and geometric optics (near field of

L,), or the Rytov approximation (far field of 17:0) The near-field results for the
phase structure function, Dg(r), and log-amplitude variance, C,(0), are (1%)

w. 2 5
2.91 k" L.Cp 3 4)

- Dg(r)

Ca(®) = 2.46 ¢y 1”8, /7 (5)

Now, it may readily be shown(zo) that the wave structure funcfion and phase and
log-a:mphtude structure functions are related at any range by

_D(r) = Dg(r) +Dy(r) (6)
Comparing ‘I'*Jq. 4) with Eq. (2b), we conclude that the log-amplitude structure
function must be zero in the near field of the inner scale; that is, the amplitude

ﬂuctuatlons across the beam are perfectly correlated at short ranges (beam
”breathmg")

The far-field results as obtained from the Rytov apprommatlon are not 8o easﬂy
expressed, The log-amplitude variance for the horizontal plane wave case 13(12)

Cqa(0) = 0.31 C2 k7/6 Lu/6 (72}

and for the spherical wave case is(‘%)

a(0) L 0.124 cz /8 118 (7o)

For a plane wave the phaee structure functions in the limits of small and large ("r)h
are given by(12)

Dg(r) = L46k Loy r °, r<<@Ary’” (82)
_Dg(r) = 2, 91 kzL C2 5/3, . \r >> (A L)l/2 (8b)

The exact curves for Cy(r) and Dg (r) are given in Reference (25) for plane Waves
and in, Reference (24) for spherlcal waves,

(24) D. L. Fried ”Pfdpagation of a Spherical Wave in a Turbulent Medium,
J. Opt. Soc. Am,, vol, 57, February 1967, pp. 175-180.

(25) D.L. Fried and J.D. Cloud, '""Propagation of an Infinite Plane Wave in a Ran—
domly Inhomogeneous Medium," J, Opt. Soe. Am, , vol, 56, December 1966,
pp. 1667-1676. - T
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In particular, for large (r), Dy(r) approaches the asymptote
Dy(=) = 2 Ch(0) [1 +Cy(o]] (9)

Since Dy (r) does not approach a constant for large (r), Dg(«) = D(=) as may be"
seen from a comparison of Eq. (8b) and Eq. (2b). It should be pointed out that
there are mathematical problems: with the existence of the variance .or covariance
of phase, so that only the structure function of () is used. Also, it may be shown
that the mean value of log-amplitude is not zero and is, in fact, given by

a = -C,(0) (10)

This very important point is central in tha ancwraw ~f Brown's ohjection to the Rytov
method. (16,17)

In the results for Cy(r) given in References (24) and (25), the log-ampiiiune covari-
ance falls to zero when r = (A L)1 2. That is, the theory predicts a log-amplitude
correlatlon area with radius = (A L)l/ . This predicts that the a.mphtude correla-
tion area will increase indefinitely with increasing range L. Also, Eq. (7) predicts.
that the log—amplltude variance also increases indefinitely with L. Both predictions
are physically impossible, and prove that the Rytov approximation must still have’

a limit on the range of validity, Tatarski has recently made this p01nt(27) _but his
alternate arguments are also disputed. (38) o

At any rate, there must be a range wherein scintillation "saturation' sets in so that
the’variance and correlation area of the log-amplitude can no longer increase with
L. This has been experimentally observed. Fried (17,38) gpeculates that the limit
of validity of the Rytov approximation is reached at a range for which r, (obtained -
independently of the Rytov approach) equals (A L)l/ 2 Equivalently, thls is the range
for which Cy(0) equals approximately 1/2, For conditions of fairly strong turbulence
this critical range can be on the order of 5 kim, and for longer ranges there are no
analyhc solutions other than for the modulation transfer function. Furthermore, we
speculate here that this is the critical range for which beam-~boiling is observed to
change in character to gross beam-tearing, with characteristic spots whose size is
more or less independent of further increases in range. (28).

(26) 'D. D. Fried, "Aperture Averaging of Scintillation," J. Opt. Soc. An.., ....
57, February 1967, pp. 169-174. T

27 ) V. I Tatarski "On Strong Fluctuations of Light Wave Parameters in a Tur—
bulent Medium, " Soviet Physics JETP, vol, 22, May 1966, pp. 1083-1088.

(28) Conference on Atmospheric Limitations to Optlcal Propagation, Boulder
Colo. , March 1965,
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The results given above for the infinite plane and spherical wave cases cannot be
applied too closely to the case of a laser beam. The laser beam case itself has
been analyzed by Schmelizer, (29) and he has obtained unevaluated integrals for the
structure functions of phase and log-amplitude, Although the Rytov approximation
was not used per se, Fried has pointed out that the effect was the same, (30) The
results are thus subject to the above range limitation, )

Fried has used Schmeltzer's analysis to calculate the variance of the log-amplitude
for vertical and horizontal propagation, (31,32} For horizontal propagation, he has
nermalized the variance with that for spherical propagation [Eq. (7b)], and plotted

it against the normalized transmitter size (£2): ’

Q = ra’/L (11)

where ¢ is the standard deviation of the amplitude distribution across.the trans-
mitter aperture. He has plotted separate curves for a collimated and a focused
beam, and noted that the variance approaches that for the spherical wave case
when L is large, as might be expected, An inflection takes place near the criti-
cal value & =1, and Fried argues that the critical role of such quantities as

(A L)l/ 2 and € should be self-evident from dimensional analyses. The lager
beam result for log-amplitude variance is one theoretical prediction that can be
directly compared with experiment.

Although Schmeltzer's results for the log-amplitude structure function or covari-

ance of a laser beam have not been evaluated, Fried uses some recent experiment
and dimensional analyses to argue that the covariance is in the form(33,38)

Co(r) = Cy(0) - £ [r/(AL)lfz, r/ (L/ka)] (123

where f is some undetermined function whose general nature is known. (33) The ex-
periments will be further discussed in paragraph 9.1.2,

(29) R. A. Schmeltzer, ""Means, Variances, and Covariances for Liaser Beam

Propagation Through a Random Medium, " Quarterly of Appl. Math., vol,

XXIV, January 1967, pp. 339-354.

(30) D.L, Fried, "Test of the Rytov Approximation,* J. Opt. Soc. Am,, vol, 57,
February 1967, pp. 268-269. T

(31) D.L. Fried and J.B. Seidman, "Laser-Beam Scintillation in the Atmosphere,"
J. Opt. Soc, Am,, vol. 57, February 1967, pp. 181-185.

(82) D.IL. Fried, "Scintillation of a Ground-to-Space Laser Illuminator," (to be.
‘published).

(33) D.L. Fried, G,E. Mevers and M, P. Keister, Jr,, "Measurements of Laser
Beam Scintillation in the Atmosphere, ' (to be published).
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It should also be pointed out that a new attempt to consider multiple scattering, and
terms of higher order than allowed by the Rytov approximation, has been reported
by Livingston. (34) Also, Brown(3®) has borrowed techniques such as Feynmann
diagrams from quantum electrodynamics to study the multiple scattering of light by
weak random inhomogeneities in the atmosphere. Brown's method agrees with the
single scattering results for short ranges but must be altered to include the Gaussian
shape of the actual laser waveiront before its longer range predictions can be ex-
perimentally tested, Finally, Taylor(36) has reconsidered the validity of the Rytov
E_Lppfo;dmation from the point of view of Keller's{27) theory of linear stochastic op-
erators and perturbations, He finds the Rytov solution cannot apply beyond the
single scattering domain covered with equal felicity by the Born approximation,
However, since Taylor considers the solutions themselves instead of their vari-
ances, it is not clear whether his objections have not already been answered by
Fried. (38)

9.1.1,2 Use of the "Incorrect' Turbulence Theory

The use of a Gaussian structure function for the index-of-refraction, in place of the
Obukhov-Kolomogorov function of Eq. (1), is worth additional comment, since it is
the basi$ of one text on the topic{14), as well as the detailed geometric-optics cal-

culations of Beckmann(1l) and Hodara. (10) '

The argument is basically that the structure of the index of refraction may be (at
least to good approximation) described by a single characteristic correlation length,
R, ‘rather than by an inner and outer scale. This leads to two serious errors.
First, since R in this context has a large value (meters), it is erroneously con-
cluded by Beckmann (and, essentially, by Hodara) that the receiver will always bé
in the near field of R over any atmospheric path, and hence that geometric optics
will suffice for any range L. Second, even in fhe range where geometric optics

are accepted by the rigorous theory (the near field of £,), the use of the incorrect

(34) P.M. Livingston, '"Multiple Scattering of Light in a Turbulent Atmosphere, "
J. Opt. Soc. Am., vol, 56, December 1966, pp. 1660-1667.

(35) W.P. Brown, Jr,, "Propagation in Random Media - Cumulative Effect of Weak
Inhomogeneities, " IEEE Trans, on Antennas and Propagation, vol, AP-15,
January 1967, pp. 81-89.

(36) L.S. Taylor, '"On Rytov's Method," Radio Science, vol. 2, April 1967, pp.

| 487441,

(37) J.B. Keller, F.C. Karal, Jr., "Elasiic, Electromagnetic and Other Waves
in a Random Medium, ' J, Math, Phys., vol. 5, April 1964, pp. 537-547.

(38) Seminar on Atmospheric Effects on Optical Propagation, given by D.L, Fried,
Univergity of Alabama Research Institute, Huntsville, Ala., April 3-6, 1967.
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’ inde;c'—of—refraction structure leads to serious errors in the functional dependence
of the resulis, TFor instance, the phase structure function implicit in Beckmanmn's
analysis is )

2 2 2
o 1L >k2 Lﬂll/ T

Dy (x) = = (13)

which is proportional to 1/R. On the other hand, the true structure function

[Eq. ()] is independent of Eo or the turbulent scale. Also, the coherence radius,

ry; as deduced from Beckmann depends on Rri/ 2, whereas the true r, is independent
of 4,5, Beckmann's detailed results for beam steering, etc., and his argument that -

"arge blobs cause the effects," is apparently incorrect.

As a further criticism of the incorrect turbulence representation, we note that
Chernoff's result in the far field of R-for Ca(0)is proportional to (RL), while the
true result [Eq. (7)] is proportional to 1L11/16 and independent of Lo

One justification Beckmann gives for his use of the incorrect turbulence represen~
tation is that it enables him to include anisotropies in his calculations., However,
observed anisotropies are generally small and primarily involve slow beam steering,

Finally, we note that the only analysis of depolarization effects due to turbulence:
is.that of Hodara, which, on the above grounds, must be taken with caution.

9,1.1.3- Other Considerations-

There, ai'e-severa;[- other considerations of interest in any discussion of turbulent.
propagation theory:

a. Refractive Index Structure Constant

-:It must be pointed out that the quantity Cn, which is a measure of the
strength of the turbulence at any given place and time, plays a central role
in the quantitative predictions of furbulent effects given above. Unfortunately

- this parameter is-difficult to calculate or measure nonopfically: .General

. data on average Cy, vs. altitude have been given by Hufnagel and Stanley, (11)
and there hag-been good experimental verification by other investigators.
Coulman(3?) has reviewed a method of calculation of Cy, based on such

(39) C.E. Coulman, "Optical Image Quality in a Turbulent Atmosphere,* J. Opt.
Soc, Am., vol, 55, July 1965, pp. 806-812, . .

C.E. Coulman, "Dependence of Image Quality on Horizontal Range in a Turbu-
lent Atmosphere," J, Opt. Soc. Am., vol. 56, September 1966, pp. 1232-1238,

C.E. Coulman and D.N. B. Hall, "Optical Effects of Thermal Structure in the
Lower Atmosphere, " Applied Optics, vol. 8, March 1967, pp. 497-503,
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meteorological measurements as temperature lapse rate (vertical gradient),
wind speed and gradient, and surface roughness. The calculations are only
valid below a certain rather low altitude (e. g., 60 meters) known as the
""Obukhov length"., On the other hand, it is well known that turbulence is
much higher near the ground than at a reasonable distance from it, Cp,
which is directly related to the temperature structure constant,. C, may
also be determined from the measurement of the instantaneous temperature
distribution throughout the region of interest. This requires the use of a
high~speed thermometer, : :

.b. . 8pectrum of Scintillations

The spectrum of the signal fluctuations in a photodetector is of interest.
Based on the hypothesis of a turbulent pattern which is "frozen-in" and
blowing laterally through the path of propagation, the spectrum has been
calculated for the case of infinite plane wave propagation, (12, 40, 41)
The frequency content-of the scintillations is predicted to drop rapidly,
above some frequency which is given by the ratio of the transverse win¢

- velocity and the log-amplitude correlation length (AL) 1/2, The experi~
mental results will be discussed in paragraph 9,1.2. We note that the
scintillafion contains only negligible components above a few hundred
hertz.

¢. Angular and Spectral Covariance -

Fried (38) has also generalized the caleulation of structure functions to
include two different wavelengths at points 1 and 2 in the receiver plane,
or alternatively, two different angles of arrival, His results indicate that
spatial diversity may be desirable--i.e., two nearby source points may
scintillate independently-~and that spectral spread of a modulated signal
should be negligible. _

d. Performance of an Optical Heterodyne in the Presence of Turbulence

Atmospheric turbulence degrades the performance of an opticdl hetero-

dyne system fo-the point where much of the original enthusiasm for these

systems has subsided, at least at visible and near-infrared wavelengths. (6)
. In particular, a simple heterodyne cannot obtain an increase in sienal for

(40) E. Ryznar, "Dependency of Optical Scintillation Frequency on Wind Speed, "
Applied Optics, vol. 4, November 1965, pp. 1416-1418,

{(4¢1) J. 1. Davis, "Consideration of Atmospheric Turbulence in Laser Systems
Design, " Applied Optics, vol. 5, Jahpary 1966, pp. 139-147,
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(42)

(43)

(44)

(45)

.an increase in aperture radius (4) above To. A number of suggestions
have been made to the effect that a heterodyne receiver which electron-
ically tracks the instantaneous wavefront tilt (image dancing) may par-
tially overcome this limitation, 42, 43, 44)

Fried (21) has used the wave structure function for infinite plane and

- spherical waves to calculate the optical resolution or MTF for long and
short exposures in a photographic system operatmg through the atmos-~
‘phere. "He then relates these results to the case of a tradking heterodyne
receiver, (45) and shows that the short-exposure case is analogous to the
trackmg—heterodyne case, He further’'shows, in contrast to previous
‘papers, that the improveiment to be obtained through heterodyne tracking
is not substantial except in the near field of the transmitier.

Heterodyne tracking of the wavefront tilt is difficult to implement, and.in
view of the above considerations, is of questionable value, Fried recom-
mends the use of an array of heterodyne receivers with phase—locklng of
their IF outputs (38), but this may also be very difficult.

Performance of Direct-Deifection Receivers in the Pres ence of Turbqlence

Fried -has shown (33) that the log-amplitude (point detector) and phase hax
Gaussian probability distributions. Phase coherence is not of 1mportance
in a direct-detection optical receiver, providing that the detector area is

D.- M. Chase, "Power Loss in Propagation Through a Turbulent Medium fof
an Optical-Heterodyne System with Angle Trackmg, g, Opt Soc. Am,,
vol, 56, January 1966, pp., 33-44, -

W. S. Read and R, G. Turner, "Tracking Heterodyne Detection, " Apphed
Optics, vol. 4, December 1965, pp. 1570-1573,

G. R. Heidbreder, "Aperture-Gain Loss Due to Atinospheric Turbulence;"
J.- Opt. Soc, Am., vol. 58, November 1266, pp. 1634-1635.

GUR. Heidbreder and R. L. Mitchell, "Effect of a Turbulent Medium on the
Power Pattern of a Wavefront-Tracking Circular Aperture," . Opt. Soc.

Am., vol, 56, December 1966, pp. 1677-1684,

G. R. Heidbreder, "Image Degradation with Random Waveiront Tilt Com-
pensatlon, " IEEE Trans. on Antennas and Propagatlon vol AP-15, January
1967, pp. 90-98.

G. R.. Heldbreder and R L. Mltchell "Power Pattern Degradation. for
Wezghted Ciréuldr Apertures in a Turbulent Atmosphere,” IEEE Trans, on
Antennas and Propagation, vol. AP-15, January 1967, pp. 191-192.

D. L. Fried, "Optical Heterodyne Detection of an Atmospherically Distorted
Signal Wavefront," Proc. IEEE, vol. 55, January 1967, pp. 57-67.
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qot too small. Also, the effects of scintillation, as expressed by C alr)s
may be averaged-out through the use of a large receiving aperture, Whlch
need not be diffraction-limited. The ﬂuctuatlons in the total received
signal or photocurrent with a large aperture have been predicted by
Tatarski (12, 27) to have a Gaussian probability distribution. This result
can also be.obtained by applying ‘the central 1imit thereon. However,

. Frled has stated that this is generally not the case (26, 33) and, in fact,

it appears that the total received power will also undergo log-normal flue-
tuations, albeit with a smaller variance. Unfortunately, the utility of
Fried's detailed predictions for the aperture-averaging.of scmtlllatmn
(Reference 26) is somewhat, 11m1ted since the solution is for the infinife
plane wave case, His conclusion regarding log-normal statistics, how-
ever, is general. (33)

9.1.2 Experimental Observations of Turbulence Effects

The effect of the atmosphere on astronomical seemg has been reviewed by Ellison, (46)
The observations of laser beam degradation that have been carried out have, in
general, given sketchy results and do not serve to ver1fy or disprove the theory.

Hmchman and Buck have reported measurements on a He-Ne Iaser beam propa-
gated horizontally over distances of 9 and 90 miles. (2, 47) The beam divergence
was effect:wely 8.7 and 13 arc-seconds, respectively, while the diffraction spread
in an 1deal medium would have been 1 second of arc. ‘The beam diameter increasec
as the 1,27 power of range, and increases in beam spread were noted in the pres-
ence of significant aerosol concentrations. The light was collected using 3-inch
optics and a photomultiplier. The detected level was little above the background,
except for short bursts 10-dB higher, indicating severe beam tearing, The beam
was observed to wander over an area several times its diameter, and long-term"
angular drifts were noted. The detected signals from a horizontal array of six
photomultipliers each spaced by six inches were uncorrelated.. It seems clear that
the Rytov theory must not apply over these long ranges.

Theoretical predictions of beam spread due to turbulence have not been directly
obtained. However, as mentioned in paragraph 9.1.1,..3, there is reason to be-
lieve that the minimum spread for a large, dlffracuon—hmlted transmitter will be
determined by r,

(46) M. A. Ellison, "The Effects of Scintillations on Telescope Images, "
Proceedings of a Symposium on Astronomical Optics and Related Subjects,
Z. Kopal, Ed,, John Wiley and Sons {(Interscience), N, Y., 1956,

(47) A. L., Buck, "Laser Propagation in the Atmosphere, "' Proceedings of the
Conference on Atmospherlc Limitations to Optical Propagation, Boulder
Colo, , March 1965,
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Photographs which graphically depict beam tearing have been published by Whitten,
et al. (3) Ruby laser pulses of 40-nanosecond duration were propagated over a 10-
mile path and photographed on a 28-irich screen. Small bright spots were observed,
from 1/2 to 5/4 inch in diameter, in clusters of 1 foot across. The instantaneous
range of brightness within the average beam diameter was 40 dB, and the illumi-
nation was never uniform over any appreciable area.

It is interesting to note that a truism has grown among laser experimenters that the
size of the bright spots in a "torn'" beam is more or less independent of range, be-,
yond some critical distance. (28) The conjecture that this critical distance is that
at which the Rytov approximation breaks down (rg = A 1/21,1/ 2) suggests that the -
amplitude correlation radius probably becomes rqo, which is proportional to L‘3/ 5
and hence shows a weak inverse dependence on range.

In measurements over a 3,.2-km path, Straub (48) has found peak-to-peak beam
pointing of 6 metfers in the vertical direction and 30.cm in the horizontal direction.-

Two side-by-side beams were observed to bend in opposite directions.

9.1.2,1 Quantitative Measurements of Scintillation

Quantitative measurements have been made of scintillation (photocurrent) spectra,
scintillation statistics and aperfure averaging, beam diameter, transmltter aper-
ture effects, and range dependence.

The spectrum of the photocurrent or total received signal in the presence of scin-
tillation has been found by a number of workers 30, 49, 50, 51), to correlate with
the transverse wind speed, as discussed in paragraph 9.1.1.3. However, the
spectral width has not been found (50, 52) to be proportional to L ~1/2, In fact,

(48) H. W. Straub, "Coherence in Long Range Laser Beams,' Applied Optlc,.:,
vol, 4, July 1965, p. 875.

(49) M. Subramama_n and J. A. Collinson, "Modulation of Laser Beams by Atmos-
pheric Turbulence--Depth of Modulation, " Bell Sys. Tech, J,, vol, XLVI,
March 1967, pp. 623-648. .

(50). D, H. Hohn, "Effects of Atmospheric Turbulence on the Transmission of a
Laser Beam at 6328 A, Applied Optics, vol, 5, September 1966, pp. 1427~
1438,

(51) G. E. Axtelle, Jr., "Optica.l Propagation Studies, " Proceedings of the
Conference on Atmospheric Limitations to Optical Propagation, Boulder
Colo, , March 1965, pp. 8-12,

(52) A. L. Buck, "Effects of the Atmosphere on Laser Beam Propagation, "'
Applied Optics, vol. 6, April 1967, pp. 703-708,
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Hinchman and Buck have reported that the spectrum was the same at 9 and 90
miles. (2) Again, many of these experiments may have been outside of the range

of validity of the Rytov approximation, Also, at least one set of measurements (°)
can be criticized on the grounds that a free-running, multimode laser was used,
which probably resulted in the presence in a large amount of low frequency laser
noise. The spectra have been found to be independent of the receiver diameter, (52)
or to have a steep slope at large apertures. (52) The theoretical } -1/2 dependence
of the spectral width has been tested by Chu, (®3) and it was found that the (negative)
exponent is actually smaller than 1/2,

Measurements of total signal fluctuations vs. aperture size at ranges of 4.5 km
and 14. 5 km by Hohn (50) have shown that the log-normal statistics are not too good
over a long path with large amounts of scintillation. Under these conditions it was
also found that the dependence of fluctuations on aperture size was small. Using
distancés up to 145 km, Buck(52) has found no systematic variation of signal fluc-
tuation with range. The amount of fluctuation was found to approach zero for aper-
tures on the order of 40 cm.

On the other hand, Subramanian and Collinson, (49) uging a folded range of up to
2400 feet in length and a very-low-noise laser, have found that the fluctuations do
not go to zero for an aperture larger than the beam diameter, They measured a
depth of modulation proportional to L3 as predicted by Eq. (5). Hence, it was
concluded that their operation was in the near field of the turbulence scale, which
was deduced to be on the order of 5 cm. This is a surprising result. They also
observed the scintillation changing by an order of magnitude in a matter of seconds.

The most sophisticated scintillation measurements have recently been made by
Fried, (33) Using an 8-km path, he and his co-workers have found the signal fluc-
tuations to be log-normal for apertures up to 100 em. Also, he has found that the
covariance of secintillation falls rapidly until r = (\ L) 1/ 2, and then remains nearly
constant until r = L/kea . (It then presumably falls slowly to zero with further
increases in r.) This has lead to speculations involving the form of Eq. (12). It
appears that these results can be explained through the predictions of the Rytov-
based theory with approximate corrections for the finite laser aperture.

There are thus two critical separations (r) in the transverse plane, from the stand-
point of amplitude correlations: the Fresnel distance, (A L) 1/ 2, and the transmitter
diffraction distance, L/ke .. This can be argued strictly from dimensional analysis.

(63) T. 8. Chu, "On the Wavelength-Dependence of the Spectrum of Laser ]E.?aeams
Traversing the Atmosphere, " Applied Optics, vol. 6, January 1967, '
pp. 163-164,
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Thus, one cannot substantially reduce signal fluctuations with a receiver larger.
than the Fresnel distance but smaller than the transmitter diffraction distance,
Furthermore, in attempting to reduce fluctuations by using a large transmitter (o),
there may be no point in going beyond ¢ = (L/" k) 1/2, Using the parameters from
Fried's experiments, this would represent a maximum useful transmitter diameter
of 10 em, Similarly, Buck(52), has determined the maximum useful transmitter
aperture for a range of 2 km to be 11 em.

9.1.2.2 Measurements of Phase Distortion

The measurement of phase or wavefront distortion has generally been accomplished
indirectly using image-quality or optical heterodyne receiver performance. These
are really a measure of the MTT or rgs rather than the phase covariance.

Rogers has measured the dependence of the image blur circle on range up to 3000
yards. (5%) He concluded that the rms angular size of the image increased as the
0.44 power of the range, rather than the theoretical prediction of 0.6. However,
this result was taken from short exposures, in which full time-averaging of the
turbulent image distortion did not take place.

Buck (47) has performed measurements which indicate that the incident wave is

best represented in terms of infinite plane waves arriving at discrete angles. In
these measurements, the image was photographed as the receiver aperture was
varied from 1.3 cm to 27.7 cm, with a propagation range of 13 km, In all cases,

the image appeared as separate clusters of spots, the overall cluster size being
roughly 150 microradians in extent, independent of aperture. However, the clus-
ters were made up of individual spots which were diffraction limited by the (variable)
aperture. This is a different qualitative picture than one might expect, if one

thinks of each phase correlation area as probably resulting in an amorphous, image..

Experimental work performed by Goldstein, et al. #) on heterodyne performance

vS. receiver aperture has shown a rough agreement with the coherence area pre-
dicted by r,. The experiments clearly show the existence of 2 maximum effective
aperture which varies with turbulence conditions,

Sophisticated experiments have been performed by Coulman, in which he deter- )
mined the Modulation Transfer Function (MTT) for a point source. (3%) He did not
have the results of the spherical wave theory, (23) and his integration time was:-

(54) C. B. Rogers, "Variation of Atmospheric 'Seeing" Blur with Object~to~
Observer Distance,' J. Opt. Soc. Am., vol. 55, September- 1965, pp. 1151~
1153, “—
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perhaps too short-for full averaging. Referring to Eq. (2b), with the coefficient
multiplied by 3/8 to correct for spherical propagation, it is possible to compare
his results with theory. The depéndence on 573 was supported.” The dependence
of the "blur circle" or (r,) on range was in agreement with Rogers and, hence,

not in dgreement with theory. However, Fried(80) has used these data to show -
an excellent fit of the MTF vs. Cp (or Cr% ), thus correborating the numerical
coefficient (2. 91 x 3/8) and the validity of the theory beyond the realm of gecmetric
optics.

9.1.2.3 Transit-Time Dispersion of the Beam

There are a number of mechanisms for which transit-time dispersion of the beam
can be predicted and estimated. These will not be reviewed here. However, this
effect would result in a limitation on modulation bandwidth or pulse shoriness,
Kerr is currently in the process of measuring the transmission of short optical
pulses over a long path, ° )

Related measurements of absolute phase variations have been attempted by
Goodwin (8) and Buck. (52) Goodwin succeeded only in setting a lower bound on the
effect, since his measurements were limited by laser stability. Buck has set up
an interferometer with a 48, 8-meter path length and one leg in a nonturbulent
tunnel. He'has measured a mean phase deviation of 0.25 microns, which is quite
substantial. Much further work is needed here.

It is important to note here that if 2r -is the phase correlation diameter at the’
receiver, and-the transverse wind speed is v, then the ratio vp/2r, is the rate
of phase ‘variation, hotthe amount. This is contrary to many statements in the
literature.

9,1.2.4 Other Measurements

A

The nonoptical determination of the strength of the turbulence, i.e., the structure
consfant C,, is desirable for an independent check of the theory. This ig a diffi-
cult problem, and can only be attempted over highly artificial, uniform propagation
paths. The measurement of micrometerological parameters (39) has in at least
one instance led'to values of C, which agree well with optical experiments. How- -
ever, other investigators have found very poor correlations. (49)

Fried and Mevers (9} have inferred the surprising experimental conclusion that the
optical polarization can vary significantly after traversing a turbulent medium, It
is hypothesized that this is caused by light scattering out of the beam (large-angle
scattering), for which there is very liftle theoretical description. (3¢) However,
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scintillation is not considered. More recently Saleh (55) has reported measuring
no depolarization effect at 0. 6328 microns over a 2, 6~km path with a measure-
ments sensitivity of 45 dB.

The above experiments on optical propagation through the atmosphere can be
classified into two basic categories: 1) electronic observations and 2) photographic
observations. The use of moving or still pictures, either of the direct beam or of
the image, is attractive in that data processing need not be done in real time,
However, the accurate densitometric evaluation of the results requires extreme

skill and caution. The most advanced work in this area is probably that by Deitz. (56)

9.1.3 Needed Measurements

9.1.3.1 Scintillation of a Ground-to-Space Laser

The scintillation of a laser beam propagating through a turbulent atmosphere from
a ground transmitter to a spacecraft receiver, measured in terms of the log-
amplitude variance, C,4(0), has been examined theoretically by Fried. (32) The
analysis, which assumes a collimated Gaussian shaped laser beam, shows that
Cqa(0) can be expressed in terms of a transmitter size independent term CaS {(0)
and a size dependent factor which is a function of the ratio ko 02/ Z where k is
the wave number (k = 27/}); Z is the propagation path length, and & is the stand-
ard deviation of the beam amplitude pattern, CaS (0), which is essentially.a nor-
malization factor, is the value of C4(0) associated with a point source transmitter
(o = 0), 1. e., propagation of a spherical wave. The spherical wave log-amplitude
variance is given by (32)

11/ 7/6

Cas(o) = 0,727 sec- /@ (5x107/3)

where ) is the wavelength in meters and 8 is the angle away from the Zenith
direction.

Figure 9,1.3.1~1, from Reference (32), shows the dependence of the normalized
log-amplitude variance upon the normalized source size £, The interesting .
feature of this result is that the Gaussian plane wave scintillation can be substan-
tially lower than the spherical wave case for large transmitting optics or
wavelengths.

(55) A. A, M. Saleh, "An Investigation of Laser Wave Depolarization by Atmos-
pheric Transmission," presented at 1967 IEEE Conference on Laser Engi-
neering and Applications, Washington, D. C.

(56) P. H, Deitz, "Optical Method for Analysis of Atmospheric Effects on Laser
Beams, " (to be published).
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In order to use these results to estimate the effects of laser scintillation on OTAES
experiments, the additional relationship between log-amplitude variance and rms
intengity fluctuation is required. For the case where scintillation statistics follow
a log-normal distribution, the fractional intensity variance Cy(o) is given by (26)

CI (0) = exp [403(0)] ~1
. A - 1/2
and the rms intensity fluctuation is then [CI (o)] .

Table 9,1.3, 1-1 shows the rms intensity fluctuation in the zenith direction for the
OTAES laser wavelengths vs. typical ground transmitter sizes. It has been assumed
in these calculations that a transmitter of diameter 20, can collect all of the energy
of a beam of Gaussian spread o o Also, an average wavelength of 0.5 microns =~
has been assumed for the Argon ground beacon since approximately two-thirds of
the total energy is in the 0.488 and 0,545 micron emission lines.

TABLE 9.1,3.1-1

RMS INTENSITY FLUCTUATION FOR VARIOUS GROUND TRANSMITTERS

: Percent Intensity Fluctuation™
Wafrelength 5 cm. Dia, 10 cm. Dia. 50 em, Dis.
(Microns)
0.488-0,515 4% 309, <5%
0.63 72% 28% <5%
10.6 229% 20% <6%

* The intensity variance Cy(o) is defined by <C[I(\) - Io] 2> where Ip is
the average value of 1(}). The standard deviation or rms intensity
fluctuation is then < {I(\) - Io] 2>1/2, An rms intensity fluctuation
of 200 percent, for example, corresponds to instantanecus values of
intensity of two times the average intensity value.

The results of table 9,1, 3,1-1 indicate severe scintillation of the received signals
aboard the spacecraft unless the transmitting telescope diameter is 50 cm or
greafer. This is not a particularly stringent requirement since other considera-
tions (small beam divergence) also require large diameter ground transmitting
telescopes. The effects of signal fluctuation on direct detection experiments will
be discussed in paragraph 9.1.3.3. However, two comments concerning the
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caleulations above should be made. First, the theoretical values have not been’
experimentally verified. Fried (32) has attempted to compare the theory with
pulsed riby laser experimental results for signals retroreflected from the $~66
satellite, but the tracking errors and interference between corner reflectors pre
vented 3 meaningful comparison. Secondly, the calculations given do not have th
strength of atmospheric turbulence included. Since the atmosphere’s refractive
index structure constant CNZ can vary over a wide range, the intensity fluctuations
calculated are to be considered as average values.

9.1.8.2 Scintillation of 2 Space-to-Ground Laser

The scintillation of spaceborne laser light observed at a ground receiver can be
calculated by assuming the laser beam fo be an infinite plane wave incident on 2
randomly inhomogeneous médium, Following the original work of Tatarski, (12)
and using a model of the vertical distribution of the strength of atmosphere turbu-
Tence, (1) Fried and Cloud(25) have calculated the intensity fluctuations in terms
of the log-amplitude variance, C, (o). The expression derived,

c,(0) = 0.727 secl® 6 (5 x1077/y) /6

is identical to the calculated log-amplitude variance for a spherical wave given in
the previous gection. This suggests an atmospherie reciprocity relationship. In
fact, Fried, hag conjectured that scintillation effects are independent of the
location of the atmospheric "slab" between ground and space for small transmitting
apertures.

Table 9, 1.3, 2-1 shows the rms intensity fluctuation for the two OTAES spacecrait
laser wavelengths vs. Zenith angle for a very small aperture ground collector,
TFor the calculations shown a log-normal distribution of scintillation statistics has
been assumed and the rms intensity fluctuation calculated from the intensity
variance Cy(0) as in the ground-to-space case.

TABLE9.1.3.2-1

RMS INTENSITY FLUCTUATION AT POINT GROUND RECEIVER

Percent Infensity Fluctuation
Wavelength Co=0° ' . '
) . . . =3n° =4 5° :
~ (Microns) {Through Zenith) 0=30 045
o.63 ‘ - o280% 405% 775%
10,8 28% . 32% C 40%
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Assuming the propagation i:heory to be correct, some rather obvious remarks can
be made concerning the scintillations calculated. First, the extremely large signal
fluctuation particularly for the 0.6328-micron He-Ne laser, would present severe
problems for an optical communications link. It would be subject to deep fades of-
the information carrier and excessive bit error rates. Although the 10. 6-micron
COg laser link would be considerably quieter, the fluctuation level is still objec-
tionably high. Also, it can be seen that the angle offset from the zenith would in-
crease the scintillation,

The large scintillation effects shown in table 9,1, 3.2-1 can be averaged-out through
the use of a large receiving aperture. The smoothing or aperture averaging of an
infinite plane wave propagated from space-to-ground has been analyzed by Fried, (26)
and the results presented in the form of an aperture-averaging factor @ which is
a function of the log-amplitude variance Cg(0) and a normalized collector diameter
D/ (4¢h, sec 9/k) 1 » Where D is the telescope diameter in meters.. Since the rms
signal intensity fluctuation decreases (26) ag @ 1/ 2, this factor should be made
small as possible in the OTAES experiments by using large ground collectors.

Figure 9.1,3, 2-1, from Reference (26), shows the dependence of the aperture
averaging factor upon the normalized collector diameter for various log-amplitude
variance values. It can be seen that the aperture averaging factor @ varies as
the inverse square of the aperture diameter over most of the curves.

Table 9. 1. 3, 2-2 shows the rms intensity fluctuation in the zenith direction for the
OTAES spacecraft lasers vs, various size ground apertures.

Although zenith angle dependence is not shown in table 9.1.3, 2-2, the aperture
averaging factor for the one-meter aperture is almost constant for angles between
zero and 45 degrees for the log-amplitude variances calculated. The angle de-
pendence for table 9.1.3, 2-2 can be approximately obtained by scaling the rms
intensity fluctuation values of table 9, 1,3.2-1, Comparing these values with those
of table 9. 1.3,2-1 for a small receiver (D < (4h, sec 8/k) 1/2, it can be seen that
a one-meter ground collector can reduce the signal ripple for the He-Ne laser
direct detection link from over 200 percent to about 10 percent, Since signal
ripple on an opi:ical communication channel may result in drastically reduced link
performance (discussed in a following section), the ground station direct detection
optical receiver diameter may be required to be considerably larger than that
necessary for light collection, in order to suppress scintillations,

TABLE 9,1.3,2-2

RMS INTENSITY FLUCTUATIONS FOR VARIOUS GROUND RECEIVERS

Percent Intensity Fluctuation
‘?’;‘;iﬁiﬁiﬁh 5 cm. Dia. 1 Meter Dia. 5 Meter Dia.
0.63 155% 9% <1%
10.6 28% 4% . <1%
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9.1.3.3 Atmospheric Scintillation Effects on Optical Communication Channels

Atmospherically induced scintillation of space-to-ground laser links has been pre-
viously discussed, and estimates of the rms intensity fluctuation calculated for
both the up and down link. In this section, effects of the signal fluctuation on the
performance of a direct binary communication channel will be discussed.

Fried and Schmeltzer (57) have used the assumption of log-normal scintillation to
calculate the increase in signal necessary to preserve the bit error rate in a
binary system in the presence of turbulence. The analytical results are expressed
in terms of a loss factor, L¢, which is the extra number of decibel signal-to-noise
ratio necessary to keep the bit error probability in a turbulent atmosphere up to
the level achievable in a nonturbulent atmosphere. The analysis assumes a
Gaussian distribution of the intringie channel noise with a constant noise variance.
This corresponds to a detector- or background-noise-limited case; as opposed to
a quantum- or signal-noise-limited case when the variance varies as the square
root of the gignal strength.

Figure 9,1.3.3-1, from Reference (57), is a graph of the loss factor, L, vs.
binary error probability, Py, for various values of the log-amplitude variance
C,(0). The significance of these curves can be demonstrated by considering the
rms intensity fluctuation of a He-Ne 0.63-micron direct detection uplink. From
table 9.1.3,1-1 a 28 percent rms intensity fluctuation, co rresponding to a log-
amplitude variance C, (0) of about 0.02, is tabulated for a 10-centimeter diameter
transmitter. Using this C,(0) and referring to the curves of figure 9.1.3.3-1, an
additional 8 dB in photodetector signal~to-noise ratio is required in order to re-
tain a 1075 bit error probability,

There is considerable doubt as to the applicability of these curves to large values
of log-amplitude variance. Experimental results of Gracheva and Gurvich, as
reported by Tatarski, (27) followed the Rytov theory to a maximum log-amplitude
variance value of 0,6. Even so, a loss factor in excess of 50 dB is predicted for

a 1078 error rate binary communication chamel. Unless large ground transmitting
and collecting optics are used to aperture average the scintillation effects, a direct
detection link will be subject to deep fades in signal strength and periods of un-
usually high error rate if log-normal scintillations exist.

(57) D. L. Fried and R. A. Schmeltzer, "The Effect of Atmospheric Scintillation
on an Optical Data Channel -- Laser Radar and Binary Communications, "
(to be published).
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Although there is no experimental measurement data available, it has been con-
jectured (57) that space-to-ground signal fluctuations will follow a normal distri-
bution rather than a log-normal distribution, particulariy where large collectors
are used, In this case, the loss factor, Ls, for binary communications is
simply (57) :

= 2
Lf Olog10

where O‘SZ and O‘Nz are the variances of the signal and system noise, respectively.

9.1.3.4 Optical Heterodyne Detection from Space-to-Ground

As indicated previously, an optical heterodyne system requires complete spatial
coherence across the signal wavefront for maximum detection efficiency. Hetero-
dyne experiments will not only be degraded by scintillation or intensity variation
effects, but also, any optical wavefront distortion over the collecting aperture,

Following the work of Tatarski, the interesting case of a space-to-ground hetero-
dyne link has been theoretically examined by Fried, 45) The statistical treatment,
based upon an infinite plane wave incident on an inhomogeneously random medium,
includes intensity variations across the wavefront as well as warping of the iso-
phase surface. The results show that atmospheric turbulence limits the useful
size of the telescope aperture that can be used with a heterodyne system. Figure
9.1.3.4-1, from Reference (45), shows the normalized heterodyne signal-to-
noige ratio vs. the normalized telescope aperture, D/‘)/Oo (D is the actual tele-
scope diameter,) The normalization factor, Yo (called the "efficiency saturation
diameter' by Fried) is essentially the minimum diameter aperture that could be
used to achieve good heterodyne efficiency, The normalized signal-to-noise ratio
is essentially the heterodyne efficiency (ratio of actual signal to maximum gignal).
The curve shows that if the collector aperture is much less than Yo, the average
signal power is nearly equal to that which would be expected in the absence of wave-
front distortion. For receiver apertures much larger than Y+ the average signal
power is so severely limited by turbulence effects that it can never approach the
value obtained for an equal-sized aperture in a turbulence-free atmosphere. In
fact, as discussed later in this section, it has been predicted that the "excess"
aperture may actually degrade the system signal-to-noise ratio.

The actual value of ¥, depends upon the strength of atmospheric turbulence which
is described in the Tatarski approach by the magnitude of the structure constant
CNZ. For the case of a space-to~ground link, CNZ is a function of the local
ground roughness, as well as having an altitude dependent refractive index
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fluctuation. TFried has based his Y0 caleulations upon typical CN2 values for the
variance of the atmosphere's turbulent refractive index variation with altitude.
Figure 9,1.3.4-2, from Reference (45), shows Yo for a signal source located
above tlic atmosphere at the zenith angle, 8, for an earth collector altitude of H,
Based upon day and night time measurements of steliar images, Fried has intro-
duced 4 factor of two difference in the ¥y value,

As can be seen, the predicted useful heterodyne collector diameter may he quite
small for a 0.6328-micron He-Ne laser link. Assuming a ground station altitude
of 3 kilometers, a maximum efficient receiver diameter between 5 cm and 10 ¢m
is indicated. The advantages of going to longer wavelengths are obvious. Since
the analytical expression for ¥ Nlﬁ/ 5, a 10, 6-micron COy link would have a
useful diameter about thirty times as large (¥p ~1.5 to 3 meters).

Quite obviously, the space-lo-ground %0 values in figure 9.1.3.4-2 have not heen
experimentally verified. However, measurements ) taken with a 0. 6328-micron
He-Ne laser over horizontal paths have demonstrated the heterodyne limited aper-
ture effect; perturbation-free apertures up to 10 cm were observed in good seeing
conditions and as low as 1 mm under poor conditions.

Two rather interesting speculations have been made by Fried 45, 58) concerning the
efficiency saturation dimension, Yy The first involves a reciprocity relationship.
It is conjectured that if the conventional reciprocity between transinitter and re-
ceiver antenna gain still applies in a turbulent atmosphere, the quantity 5/0 also
represents the largest diameter which could be used effectively for the collimating
optics of an optical heterodyne transmitter located in the atmospliere, The rela-
tionship, if valid, would mean that large transmitting optics, although effective

in reducing scintillations, would not require correction to the diffraction lmit.
The second phenomenon predicted is the presence of an aperture size dependent
"modulation noise. Analysis by Fried (58) on the statistics of optical propagation
using the wave-structure function shows that to avoid a large signal-power vari-
ance the receiver collector diameter should be no larger than Yp- The modulation
noise is attributed to the reception of uncorrelated wavefronts out of phase with
the 1ocal oscillator wavefront. This indicates that in order to optimize the hetero-
dyne signal-to-noise ratio, an adjustable iris over the aperture is necessary to
set the diameter for various turbulence conditions.

(58} D. L. Fried, "Atmospheric Modulation Noise in an Optical Heterodyne
Receiver,' (to be published).
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9,1,.3.5 Optical Heterodyne Detection from ('}rounduto—Space

The effect of atmospherically distorted wavefronts on a ground-to-space hetero-
dyne link has not been examined theoretically. The differences of the up and down
links from an analytical point of view are briefly as follows. A spacccraft trans-
mitted beam, being well above the atmosphere, can be treated as a nlane wave
incident on an inhomogeneously random medium; expressions for an arbitrary
source size and source wavefronf radiug of curvature are not required. TFor the
case of the laser transmitter beam immersed in the atmosphere (ground-to-space),
the propagation theory is dependent upon the finite transmitting aperture and
wavefront curvature. As indicated in the earlier discussion of propagation theory,
evaluation of Schmeltzer's (29) integrals for the phase and log-amplitude structure

functions of laser beams is necessary before the heterodyne case can be formally
analyzed.

However, on the basis of a purely intuitive argument, we can speculate about the
ground-to-space heterodyne link performance since the furbulence effects are de-
pendent upon the relative posgition of receiver and atmosphere. We can imagine
the ground transmitted laser beam wavefront as being distorted by refractive-
index inhomogeneities when it traverses the atmosphere. At the fop of the atmos~
phere, it would propagate as a distorted plane wave of varying intensity and phase
across the wavefront, A spacecraff telescope intercepting a small portion of the
wavefront would not be subjected to drastic angle of arrival jitter and near-field
wavefront distortion. Consequently, we might expect the equivalent spacecraft ¥
to be larger than the ground receiver maximum efficiency diameter, vy, Simul-
taneous heterodyne measurements over both ends of the link coupled with ¥, deter-
mination on the ground will, of course, give the equivalent spacecraft ¥, value,

9.1,4 Experiment Design

The rigorous Obukhov-Kolmogorov (O-K) theory of turbulence is generally accepted
as the correct treatment of atmospheric phenomena. Although the optical propa-
gation descriptions are incomplete, particularly for laser or finite aperture trans-
mitters, some theoretical predictions have been verified by experiment. Careful
atmospheric measurements over uniform turbulence paths, as described later in
this section, are necessary to fully evaluate the theory and establish the validify
range of the Rytov approximation, The less complicated geometrical optics
formulation of turbulence has some serious errors which 1imit its utility to near
field phenomena., Even then, the theory predicts incorrect functional dependences
of important parameters and must be viewed with caution,

One of the unfortunate features of atmospheric laser propagation work is the

almost chaotic manner in which many of the experiments have been performed.
Much of the work has been of a purely qualitative nature, and little effort has
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been made to correlate.cxpérimental results with theory., Pdérhaps more dis- -
tressing is the fact that, e\copt for rarc instances, the measurements were small
samples taken over nonuniforni turbuience paths so that the correlatlons w1th
theory }v0111d be m_eamngless

Some rather obvious conclusions are-ily order at this point. First, a well designed
set of frround to-ground atmospheric propagatlon experlments Mmusgt'be conducted
over a uniform turbulencé path with an mdependent measurement of the refractive
index structure constant, Cy. The technique developed by Coulman (39) and de- -
scribed in paragraph 9.1. 1.3 would accomplish’ the' Cq measurement All-propa-
gation measurements should be conducted below Lhe ”Obukhov altitude. " The
following laser propanatmn properties should be measured as a function of the
strength of turbulence:

a. Inteneity fluctuations and probability distribution
b. Phase fluctuations

¢.  Polarization efge'cts

d. Transit—tfme dignarsion

el Synoptlc condlf:lons (temperature, hum1d1ty, pressure, wind, temperature
lapse rate).

These measurements are to be made with laser wavelength, range, and receivér' -
aperture as variables over a wide variety of turbulence -conditions. Also, a'large
number of samples should be taken to improve the statistics. A description of

the method of meteorological data collection to compare the experimental results
to the O-K theory is outlined in section 19.

The calculations made-ii paragraph 9. 1. 3. 2 have indicated severe scintillation

is possﬂale in space—to-—ground direct-detection 1aser links unless sufficiently
large transmitting and receiving telescope apertures are ugsed, Based upon these
figures, the ground transmitter for a 10. 6-micron OTAES direct’ detection uplink
should be tentatively set at 30 cm. Also cited in this section are Fried's calcu-
lation of the effect of scintillation’on a PCM direct detection trial communication
channel. OQuite obvmusly, the distribution of amplitude fluctuations must be de--
termined before the hit error rate dependence on signal fluctutation is known.- The
heterodyne detection results of pardgraph 9.1.2.4 indicate that 1. 0-mefer aper-
tures used in the OTAES spacecraft and ground station would certainly be large
enough to insure optirhum aperture sizes for the He-Ne link-in best seeing condi~-
tions. One-meéter apertures are probably large enough to optimize the 10-micron
heterodyne link most of the time. “However, optical propagation measurements,
preferably from balloon platforms, are necessary before the altitude dependence
in the O-K theory used for these predictions can be verified.
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Balloon platforms, as opposed to aircraft, are attraclive hecause they do not in-
duce significant local turbulence which may mask the effects to be measured.
Other factors such as low cost, small tracking rates, and overall cost cifective-
ness are also important considerations.
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9.2 SECOND JUSTIFICATION-OPTICAL COMMUNICATION DIAGNOSTICS-

The information rale of any communications system is limited; by the noise char-
acteristics of the communications channel. Sources of noise which can ofien be
neglecied in conventional radio requency systems frequently become of importance
in an optical communications.system. Foriunately, in ceriain oplical channels the
limiting noise sources can be treated as white Gaussian noise with the resuli that a
large part of communications theory and design information is directly applicable
to the problem of optimizing communications systems design. Quantum effects on
communications have also been studied, (1) and a comparison of the communications
efficiency of various techniques has been made over a wide range of signal-to-noise
ratios where the noise is considered as having the statistical properties of additive
white noise. The inherent quantum noise, receiver-generated noise, and most back-
ground noise usually fall in this category for practical communications bandwidths.,

When the transmission path is not in free space, however, other noise effects appear
which cannot be considered as additive, white Gaussian noise. Multipath effects

and perturbations of the phase front are two such sources of noise which can have a
marked effect on communications., At radio frequencies in the two important com-
munications techniques of tropospheric scatter as well as ionospheric reflection,
considerable work has been done in the investigation and reduction of the effects of
multipath transmission. For a review of the analytical tools required, as well as a
description of the physical phenomena involved, the reader is referred to Schwartz
et al. 3) 1n addition to knowledge of the physical nature of the noise source, the sta-
tistical parameters which describe the noise in the communication terms are required
bhefore communication system design can proceed. At optical frequencies, data re-
lative to propagation through the entive atmosphere has heen collected by astronomers.
The astronomer has been particularly interested in minimizing these effects, e.g.,
moving to the fop of a mountain, and hence has usually measured average values of
gtatistical parameters rather than the distribution functions and temporal variations
which are of interest to the communications systems designer. In some cases,
effects disturbing to an image can be ignored or compensated for in a communication
system. With the possible application of the laser in communications, there have
been a few measurements made over particular communication links., These mea-
surements have limited applicability because of the small amount of data collected.
For example, the heterodyne mixing efficiency as a funciion of aperture diameter is
often measured. The mixing efficiency is a function of local oscillator stability and
alignment as well as the phase variations over the aperture, however, so that unless

(1y J. P. Gordon, "Quantum Effects in Communications Systems,' Proc, IRE,
vol. 50, September 1962, .

(2) M. Schwartz, W.R. Bennett, and S. Stein, Communications Systems and
Technigues, McGraw-Hill, New York, 19686,
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these effects are separated the measurements are only applicable to the particular
path measured. Again, measurements of coherence diameter have failed to account
lor anisotropies in phase variations over the aperture. If measurements could be
made on two axes in the aperture plane, these anisotropies would be revealed, Such

variations in the optical wave must be considered by the communicator in the design
of his equipment,

Variations in received amplitude, regardaless o1 the cause, will attect both coherent
and incoherent systems., These variations arise through beam bending, beam
break-up, or extinction phenomena, When the source is highly monochromatic,
multlpath effects will cause variations in amplitude because the phase relationship
of the portlons of the signal arriving over different paths will change in time. For
a given path, the statistics of the amplitude variations are required for optimum
system design., For example, consider a direct detection system which must be
operated at a given bandwidth and information rate. Increasing the size of the col-
lector will increase the signal energy; but at the same time the angle of view (and,
hence, background noise) will also be increased because of the difficulty of maintain-
ing optical tolerance for large collectors. With accurate knowledge of the path
fading statistics and spatial correlation, the designer may be able to devise a diver-
sity system using a number of smaller collectors which can be built to closer toler-
ances and, hence, can be used with a smaller angle of view. Over a given path,
both amplitude variations and the gpatial correlation of these variations should be
measured prior to system design,

Coherent systems will respond to amplitude variations as well as variations in
phase and phase front alignment. The phase variations over the collecting aperture
cause a reduction in heterodyne detection efficiency. (In recent years, microwave
antennas have been built so large that phase variations over the aperture have re-
duced the effective antenna gain which affects communications in the same manner.)
Temporal variations in phase will introduce an undesired phase modulation which
may interfere with communication modulations. Some measurements have been re-
ported in which aperture coherence diameters have been determined. These mea-
surements are not always independent of the equipment used, and, hence, are not
always meaningful when applied to other systems, TFor example, when using the
homodyne technique where the laser is used as its own local oscillator, the local
oscillator path is often very short compared to the transmission path measured.
Unless the laser is very stable, it is possible.for the length of the transmission
path to approach or exceed the coherence length of the laser transmission. When
this occurs, the laser will become incoherent'with itself and homodyne detection
efficiency will be reduced even in free space.’

9,2.1 Parameters

Although the astronomer has a number of terms to describe the optical effects of
transmission through a turbulent medium, the communicator is interested only in
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the amplitude and phase variations of the electromagnetic wavé as it sirikes the
surface of his detector. The two-dimensional image transmission problem (which
may be of interest in cérlain types ol comimunications), as well as the low signal- '
to-noise situation requiring the use of quantum counters, are not under discussion .
in this context. Fortunately, a large body of theoretical knowledge is avaﬂable on
the effects of a turbulent medium on the transmitted wave (section 9. 1) and work is
continuing in many areas. The major lack is a collection of good data on the [unda-
mental quantities én which the theory is based, .. the statistical parameters "of the

atmosphere from which both optical 1mage transrmssmn and communication trans-
mission properties could be derived. It'is necessary then, for any particular path
that measurements be made of ‘the followiig quantities in order to determine the
statistical parameters.

a.' Variations in phase and amphtude {using 3s small an aperture as poss1b1e)
as a function of time and space, preferably in three dimensions.

b." Variations in angle of arrival which will asmst in the interpretation of the
data éollécted in {(d). As long as a clean image is recorded, one can be
assured that the collectmg aperture is not averaging out small scale varia-

tions over the aperture. -

If thése data ¢dn be collected over 4 su.fflc1ent1y long permd of time, sultable pro-
cessing of the data should reveal:

a, ” Dlir_éftion of-the périod of stationary random processes

b. Nature of such random process (whether Rayleigh, Gaussian or some
-other)’

c ‘Values of pertinent descriptive parameters, moments, correlation
functlons spectra

d. Diurnal or other temporal variations of the parameters.

9.2.2 Measurements

Although 'the instrumentation problems in makmg some of these measurements are
formidable, they are within the state-of-the-art given the transmissitn of hlchly
monochromatic sighals from space, (Although amplitude scintillations could be
observed with a noncoherent source, such a source would be too broadband to have
amplitude fluctuations due to changing phase paths.) Two or more widely separate
optical frequencies should be received by a number of receivers s1mu1taneous1y

a. A direct (energy) detection receiver which uses as small an aperture as is
necessary to get a satisfactory signal-to-noise ratio. Such a receiver’
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would measure the amplitude of the received signal, and statistics counld
he gathered on the variations in amplitude caused by having the beam bend
out of the receivers view, and beam break-up, as well as those amplitude
variations due to multipath effects.

b. A superhetrodyne or homodyne receiver with a stable local oscillator which
could meagure the phase perturbations on the received signal. Such phase
perturbations could be ascribed to multipath effects, and correlation with
the record provided by the direct detection receiver would serve fo identify
"“fades" due to multipath as distinguished from those due to strictly, say,
beam bending which would not be expected to affect the phase of the receive
signal,

c. A phase correlation measurement as described in the OTAES final report
which would provide information on the spatial correlation of the observed
phase changes,

d. An angle of arrival measurement relative to two orthogonal axes which
combined with the phase gpatial correlation measurements would provide
data for choice of aperture size for heterodyne detection,

In addition to the measurements deseribed above which measure the spatial and
narrow-band characteristics of the optical fransmission, it would be desirable 1o
transmit a very wideband gsignal to observe if conditions for selective fading exist
which can impair wideband transmission.,

A signal could be generated by a series of tones over a wideband with a receiver
capable of monitoring the phase relationship between the various tones, Frequen~
cies should be selected which would have a periodic in-phase relationship to serve
as a reference. Variations in the phase relationship or differential variations in
the amplitude of the various tones would reveal the existence of conditions which
would give rise to selective fading over the bandwidth used.

A second method of generating a wideband transmission would be the use of a very
narrow pulse such as that attainable with a mdode-locked laser,

Although these two technigues make essentially the same measurement, the spaced
tones and the pulsed techniques will provide more accurate information at different
fluxuation frequency bands, depending upon the instrumentation. The rapid sam-
pling of the atmosphere available with the mode-locked laser will reveal variations
at kilchertz rates which might be masked by the integrating effect of the fone filters.
Needless to say, both techniques have instrumentation problems.
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9.2.3 DIxperiment Design

The dlagnostlc instrumentation described in the precedmg section 1mp11es in
essence, the establishment of communicalion links, Hence, there is a temptation
to enlarge upon such measurements to incorporate specific commumcatlon system
postulates Of the two 1undamenta1 techniques, heterodyne and direct ‘detection,
the lattel is most readily lent ior such specific system tes‘ung Those measure-
ments pledlcated upon amplitude and polar1zat10n sensing can be accomphshed with
a space~-to-ground direct detection communication system scaled to simulate plane-
tary requirements. Such ehperlmentanon is valid in the joint context of gommuni-
cation diagnostics and ‘'solution-orientéd testmg

It should be noted, however, that without its dlagnostm content, such a direct de-
tectlon spaee~to-g10und ehperlment would reduce ‘to a simple equlpment demonstra—
tion. The direct detection system techmque permits stralghtforward overdes1gn to
compensate for transmission medium unknowns, Trade-offs inclide increased re~
ceiving aperture size, narrower filler bandmdth and improved pointing, The tech~
nology here is in an advanced stage of ground—based development., Except for space
qualification of specufm egquipment’ designs, high altitude airborne tests would be
adequate to verify this potential forin of planetary optical communication, For this
reason, an alternative sequence of ground and airborne experiments has been des-
cr1bed which can provide a degrée of confldence equlvalent to that attainable by tests
using earth-orb1t1ng transmitters. Once a thorough a1r—to-ground test sequence
has been accomplished, various eombmattons of modulation (intensity or polarlzanm
carrier (direct, FM, or PCM), and signal } source (voice, TV, or digitdl words) can
be examined. However, true value of the diagnostic appr oach applies to the relative
asseéssment of heterodyne and d1rect detectlon planefary eommumcatlon alternatrves
Although there is much’ evidence to suggest that' a major port1on of the amplltude and
angle—of ~arrival per turbatlons may be mtroduced in the lower atmosphere this con-
clusion should be verified. Moveover a similar eonelusmn with respect to phase
perturbations cannot be drawn w1th equal confidence. It is necessary to propagate
optical frequencies through the whole atmosphere aléong near-zenith and slant paths
before {irm conclusions can be drawn. This necessity derives from two main con-
siderations: o ’ C o

a. Since phase perturbations may arise from multipath eitects, the atmo
sphere should be illuminated from above

b. Care should be taken that the atmospher1e disturbance is introducer
' the far field (R > 2 D2 -1 since this would be the case for planetary
communication. Except for the longér wavelength, hlgher power lasers,
this requirement translates diredtly to orbital altitudes,

This consideration also raises the question of coherent light behavior when identical
disturbances are introduced in the near field and in the far field. If an optical
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ground-to-space link and an identical space-to-ground link are juxtaposed, the
atmosphere then serves as such an identical and yvealistic disturbance,

Collectively, the space~to-ground communication experiments provide a compari-
son of the fundamental communication techniques: direct detection and heterodyne
detection, The heterodyne experiment is formulated on a scale sufficient to allow
comparison between laser and radio frequency communication. Direct delection,
which has the advantages of system simplicity, lenient pointing tolerances, and an
advanced state of ground-based development, is also the subject of a proposed ex~
periment. Two experiments of the optical propagation group are designed to ex-
plore important properties of the atmosphere in order {o first test a fechnique for
measuring phase variations as a function of time with a highly monochromatic laser
source and, second, to study phase and amplitude characteristics of the atmosphere
as a transmission medium,

Three experimenis of the optical propagation group are concerned with the develop-
ment of the technology required for eventual optical communication from deep
space, To utilize the narrow beams in which the laser power may be concentrated
requires a pointing capability commensurate with the beam divergence (e.g., 0.1
arc second). Achieving this accuracy requires a precise reference from the ground
station to the spacecraft. This reference is established by precise tracking of an
upcoming laser beam, Such tracking is the subject of one experiment.

An important element of the communication experiments is to simulate, as nearly
as is practical, communication conditions from deep space. TFor tests having alter—
nate objectives, such as the development of operational techniques, it is important
that the technology be exercised under realistic conditions since communication from
the planets will require, among other things,-the transfer of tracking from one
ground station fo another. The objective of one of the proposed experiments is fo
develep this ccapability, Another particularly difficult problem for a two-way com-
munication link with deep space ig the lead angle which must be incorporated into the
transmitter beam. Caused by the relative velecities between the spacecraft and

the ground station and the relatively long transit times, the lead angle requirement
mzay typically be as great as 40 .arc seconds for a Mars flyby.

Accordingly, the following nine experiments, taken together, comprise the Optical
Propagation Experiment group. Each is described in detail in section 9, 6,

a. Optical Heterodyne Detection on Earth
b. Optical Heterodyne Detection in the ‘Spacecraft
e. Ilrect Detection on Earth

«d, Megahertz -Optical Communication
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h.

farry

Precision Tracking of a Ground Beacon
Point Ahead and Space-to-Ground-to-Space Loop Closure
Transfer Tracking from One Ground Station to Another

10 Micron Phase and Amplitude Correlation

. * Pulse Distortion MeasuTéments
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9.3 THIRD JUSTIFICATION - NEED FOR SPACE TESTING

The Optical Propagation Experiment group has a triple objective: increased phys-
ical knowledge of the atmosphere, communication diagnostics, and assessment of
precision pointing and tracking forms. For each of the nine propagation experi-
ments, there are specific reasons why space testing is important. These reasons
all velate to the group objectives and can be classified further in terms of the math~
ematical subdivisions adopted in theoretical analysis.

For instance, mathematical solutions have been limited until recently to the case
of an infinite plane wave incident upon the medium. To correlate theory with ex-
periment rigorously, then, requires far field measurements.

Second, although major upper air turbulent disturbances seem to be concentrated
between the 20, 000- and 60, 000-foot altitudes, there is no conclusive proof that the
total effect is introduced at these altitudes. For many of the propagation experi-
ments, the total atmospherie effect is important to future engineering utility of the
data to be gathered.

Again, realism in terms of fulure uses of the daia to be obtained and engineering
conclusions to be drawn will impose scaling laws, Thus, the need to minimize the
angular subtense of certain disturbances or to reduce the effect of angular excur-
sions results in geometrical arguments for Earth-orbit testing, Furthermore, the
special cases in orbital mechanics which obtain at the 24-hour orbit altitude offer
enhanced measurement value through statistical opportunity or instrument simplifi-
cation.

9.3,1 Far Field

As noted in paragraph 9.1.1, optical propagation descriptions by the rigorous
Kolmogorov turbulence theory are incomplete. Recent sclutions for a point source
and (in terms of unevaluated integrals) for the actual case of a laser leave unre-
solved gquestions, The main body of existing solutions, however, take the far-field
assumption, 'This assumption is valid at a distance:

2
r =D

i A

where D is the optical aperture diameter and ) is the wavelength., Since the visible
frequency communication diagnostic experiments require a one-meter aperture,
this distance (hundreds of kilometers) exceeds the altitude capabilities of air-
supported vehicles.
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9.3.2 Total Atmospheric Elfect

The effects of the atmosphere in-a long slant propagation paf,h cénnot be adequately
predicted by the results of laser propagation tests on long horizontal paths The’
structure and scale of the turbulence is very different; Yet, to date, ho laser
space-to-ground experiment has explored this question. Although stellar’ scmtllla;
tion is largely traceable to the winds at 20, 000-foot to 60, 000-foot altitudés, it is
not known that these produce the total effect, ‘It is therefore, important to the at-
mospheric physics of the OTAES propagation experiments that these effects be
included' if, indeed, they are introduced by the upper stratosphere.

From the viewpoint of the communication engineer, transmission through the whole
atmosphere is also important. Component performance and some system param-
eters can be evaluated through ground-based test programs. However, because
the atmospheric transmission medium is neither homogeneous nor isotropic, it’
must he evaluated in its totality to obtain valid statistical properties for engineer-
ing application: Extrapolation from: data taken at other frequencies-i$ pdséibie
when the statistical properties of additive white noise can be assumed, This is not
the case, however, for multipath, phase—front perturbations and the effects of
water vapor.

Narrow beam, coherent laser light'can be expected to have more pronounced sc¢in-
tillation effects than starlight., The narrow Beam' illuminates a small volume as it
passes through the atmosphere. Light scattered or refracted out of the beam ‘efféc-
tively increases the illuminated area with attendant reduction of infensity.

A distorted wavefront will have random. displacements which will appear as a phase
perturbation to any receiving aperture parallel to the "average' phé.se-fro‘nt. For a
sufficiently small aperture, the entire wavefront will arrive at an angle 8 which
will cause motion of the entire image in the focal plane of the lens. When the mag-
nitude of this angle subtends a significant fraction of a wavelength across the re-’
celving aperture, the advantages of the heterodyne technique are compromised,
From measurements made by astronomers, 8 has been found to be up to 3 arc sec-
onds (~15x 106 radians) with the wavefront correlated up to a distance of p'= 6 a
inches (15 cm), or more, under conditions of great image motion. An extreme of
10 arc seconds has been reported,

With these numbers assumed, a short calculation shows that the phase perturbatlon
at any point:

2108 - 217( 15)15x10

A . 6328 x 10 -6

=27 (3. 5) radians

which is greater than an optical wavelength. Because these phase jumps can occur
in 1/10-second intervals or less, frequency shifts of greater than 30 hertz can be
expected under rather ordinary conditions.
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9.3.3 Measurement Geometry

TFor certain precision measurements to he made with the OTAES, angular errors
and tracking noise set a minimum allowable distance between atmospheric pertur-
bations and instrumentation. For example, the effective motion of a "turbulon'
{(gas lens), h8, may be inferred from the angular fluctuation it imparts to a stellar
image (figure 9. 3.3-1) by taking the turbulon altitude as 10% feet and a +10 arc
second image dancing, The Airy-Disk in a 1. 0-meter telescope is of the order of
0.1 arc second, and lateral shifts of 1/10 in the Airy-Disk (0. 01 arc second) are
observable. It follows that the telescope must be at least 2000 miles above the tur-
bulence layers to separate such tracking noise from true tracking system perform-
ance measurements.

9.8.4 24-Hour Orbit Altitudes

From the viewpoint of experimental technique, the synchronous altitude is pre-
ferred. For ground-based measurements of phase-front perturbations, it would
be desirable to reduce angle tracking noise to say, 1/10 of the expected phase devi-
ation, For a one-meter aperture, the phase perturbation calculated in paragraph
9.3. 2 suggests a tracking accuracy of 0. 05 arc seconds, an unreasonable objective
for ground-based instrumentation. The nearly stationary line-of-sight subtended
by a 24-hour altitude satellite would obviate the need for tracking (i.e., permit
time-limited use of a stationary aperture).

Again, this property of the 24-hour orbit altitude will allow measurements to be
made over a sufficiently long time to obtain statistically meaningful data as well as
to monitor minute-by-minute changes in atmospheric conditions with a fixed line-
of-sight. Measurement from lower altitude vehicles would be complicated by their
limited time-in~view of the ground station.

9.3.5 Alfernatives to Space Flight

Our present knowledge of atmospheric effects on optical propagation has been
largely drawn from horizontal observations and from measurements made with
starlight and satellite-borne retroreflectors. The application of such conventional
techniques to the OTAES experiment objectives was reviewed to assure that an
optical technology satellite is essential to these objectives, In addition, other po-
tential instrumentation platforms such as rockets, aircraft, and balloons were
examined. The results of these evaluations are summarized in the following para-
graphs,

In principle, the amount of scintillation at a given optical frequency could be ob~-
tained by measuring starlight through very narrow-band filters. Optical filters are
not yet available which provide the narrow line width of a gas laser transmission.
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Figure 9.3.3.-1. Image Dancing.
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However, even if they were, the received spectral intensity of starlight would he
orders of magnitude less than that of laser light. For example, the spectral irra~
diance outside the Earth's atmosphere of one of the brightest stars in the sky,
Sirius A, has been computed(l) to be approximately 10711 watts em=2 ;7L at 0. 63
micron. If it is assumed that a nonattenuating filter with a bandwidth of 2A could

be used, the irradiance would he reduced by a factor of 2 x 104 to 2 x 10~ 15w/cm?2.
Using a 10-milliwatt laser with a diffraction-limited beam from a one-meter aper-
ture at synchronous altitudes as a transmitter, the computed radiance is 1.49 x
1079 watt/em?, all of which would pass through a 2A filter.

Under these conditions, the laser source is 109 times as bright as the star, Even
with a much smaller transmitting aperture, the laser is still orders of magnitude
greater than starlight, Measurements of scintillation made with the more intense
laser light will be made more accurately because the "signal-to-noise' ratio will
be better, The use of the more intense light will also permit measurements at
much smaller apertures than would be possible with starlight. In addition, if stars
were relied on for daytime measurements, then the measurements would be very
restricted. ’

Measurements on starlight as well as ground-based measurements of laser light
have shown the aforementioned dependency on the distance to the receiver, as well
as to the transmitter of the disturbing elements of the atmosphere, It seems, there-
fore, that the use of a satellite-borne retroreflector would introduce up-link effects
that would be difficult, if not impossible, to separate from the down-link effects.

For statistical purposes, within both the communication and atmospheric physics
objectives, repeated long data intervals are desired over periods of months. Thus,
free rockets, with their short payload dwell times, imply many launchings.

Aircraft, although convenient to use, are not attractive instrumentation platforms
for precision optical experiments. Since the turbulence region of interest extends
above 10 kilos, high performance aireraft would be required; but coherent light ex-
periments cannot be performed from a high performance airplane. The turbulence
local to such a lifting body would sheath the instrument aperture in a turbulent flow
characterized by severe temperature discontinuities. These would tend to mask the
effects to be measured. Furthermore, the high vibration environment aboard an
aircraft poses laser stability problems.

Upper air balloon tests offer the most benign airborne environment for propaga-
tion measurements and, for float altitudes below 25 kilos, are relatively inexpen-
sive. At this altitude, however, a significant percentage of the stratosphere is

(1)Investigation of Optical Spectral Regions for Space Communications, ASD~-TDR-

63-185 (AD 410 537) Air Force Systems Command, Wright-Patterson Air Force
Base, Ohio, p. 160.
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still elminnted from thé transmission path. TFurthermore, balloons cannot satisfy
the oeometrlc requirements described in paragraph 9. 3. 3 and are restrained in
operation to essentially fair weather (launch conditions) and, for long ﬂoat duratmns

to summertime testing.

9.3.6 Summary of Space Test Justifications

The need to perform certain of the OTAES optical propagation experiments in space
rests with the need to perform them as a group, This is particularly true of the
Direct Detection and 10-MHz Bandwidth tests. These experiments are included for
correlation with the Heterodyne Detectlon experiment results. However, it is also
true that ‘with one minor exception, they impose no additional spaceborne equip-
ment burden. The satellite heterodyne transmltters and receivers are used; only
an uncooled, narrowband infrared detector has been added. On the ground, the
equipment required is no different than would be required to accomplish the same
objectives by, say, balloon testing.

Thus, for certain of the experiments, space.testing is essential. Their experiment
objectives could be achieved in no other way. For others, the justification for
spacé performance lies with a correlate experiment, These more subtle factors
are noted later in the individual experiment descriptions, Table 9, 3, 6- -1 associ-
ates the critical need for space testmg with the three Optical Propagation Experi-
ment group objectives.
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TABLE 9. 3.6-1

NEED TFOR SPACE TESTING - OPTICAL PROPAGATION GROUP

Reason

Total

Experiment Far Field Atmosphere Geometrical

1, Optical Heterodyne Detection Atmos, Phys. Communic,
on Earth

2, Optical Heterodyne Detection | Atmos. Phys.
on the Spacecraft

3. Direct Detection on Earth Atmos, Phys.’

Communic.

4, Megahertz Optical Communic.
Communication

5. Precision Tracking of a Atmos, Phys. Pointing
Ground Beacon

6. Point Ahead and Space-to- Pointing
Ground-to-Space Loop
Closure

7. Transfer Tracking from One Communic, Pointing
Ground Station to Another

8. 10-Micron Phase and Ampli- Atmos, Phys. Communic, Pointing
tude Correlation

9. Pulse Distortioﬁ Measurements | Atmos. Phys. Communiec,

Atmos. Phys., = Atmospheric Physics.

Communic. = Communication
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9.4 SPACEBORNE REQUIREMENTS

During the development of the optical propagation experiments, certain factors de-
veloped that determined the requirements that must be established for spaceborne
telescopes. Experiment design studies led to the selection of 0, 6328-micron and
10, 6-micron downlinks and 0, 488-micron and 0, 6328-micron uplinks, In the fol-
lowing paragraphs, those conditions which prescribed the need for the selected
aperfures are discussed.

9.4.1 Mirror Diameter and Pointing

Certain of the laser experiments are predicated on phase coherence measurements.
A diffraction-limited aperture will preserve the spatial coherence of the source and
conserve the transmitted energy. Size and mass are secondary, but important,
considerations, -Acceptance of the diffraction limit leads to the smallest possible
aperfure requirement with attendant easing of spacecraft packaging and of pointing
actuator drive power problems,

Taking the ratio of the well-known Friis transmission expressions for optical and
microwdve communication and equating prime power and bandwidth, gives:

S 2
(N) o= €to AtoAm Aro KT

_8° ‘ 2
( N)m € 0 At M Ap BV /g

which relates transmitter efficiencies, ¢ ; aperture areas, A; wavelengths, X\ ; de~
tector quantum efficiency, q; noise temperature, T; frequency, v; and the familiar
constants of Planck, h, and Boltzmann, k. The subscripts t, r, m, and ¢ denote
transmitter, receiver, microwave, and optical, respectively.

In table 9.4.1-1, the various terms of this relation are evaluated from the view
point of microwave optimism (e. g., a 100-meter diameter, X-band receiving
aperture on the Earth; a 30-meter diameter X-band transmitter on the
spacecraft; a 100 K receiver noise temperature; a 50 per cent, X-band trans-
mitter efficiency, etc.)., For the 0, 6328 micron laser it is not reasonable to-
expect future performance to exceed ¢ <« 0.0045, Thus, the noise, receiving
aperture, and transmitter efficiency ratios (23.5 +20.0 + 20.5 = 64,0 dB) are i1..
herently advantageous fo the microwave technology. Only the wavelength (93,5 dB)
term favors the opfical technique. TFor equivalence between the microwave and
optical techniques, the ratio of fransmitting apertures on the spacecraft must give
no more than a 29,5 dB advantage to the microwave technique. Thus, a favorable
comparison of optical communication with microwave communication cannot be
made with apertures less fthan one meter; and this choice results in a 0.14 arc
second beamwidth, imposing a 0.1 arc second pointing requirement, This
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one-meter aperture gives adequate signal strength for the pulse distortion experi-
ment and permits the use of 2-cm apertures on Earth for the phase correlation ex-
periment,

The helium-neon, single frequency laser, the one-meter diffraction-limited aper-
ture, and the 0.1 arc second pointing system combined in a single Earth orbital
test, will make a significant comparison of wideband planetary communication
capability at optical frequencies.

TABLE 9,4,1-1

"MARS MISSION COMMUNICATION COMPARISON PARAMETERS

1

T Aro < Am? Ao
hv/g A €m g2 At
At 6328° A D=10 Meter )
OPTICAL hy =3,12x10729| A, =78:5m% | 0;0045 | A Z=4x10713| D=1 Meter
Joules
q = 0,05 m2 0.785 m2
AT 100°K D=100m \ 2 D=30 Meters
MICRO- kT=1,38x10721 | A, =7850m"| o, 5 m T | A =T06mE
WAVE Joules 9x10 "m
dB: - 23.5 ~20 -20.5 | +93.5 -29.5

9.4.2 Auxiliary Apertures

The 0. 6328-micron link offers reliability and can be uged in a simulated planetary
migsion context to generate system engineering data., However, the HeNe laser is
not the ultimate device for operational applications. Its efficiency appears limited
to a maximum in the order of 0,004, and there is little hope of increasing its maxi~
mum output power beyond 200 milliwatts, It was selected here for its advanced
state of development, proven operation, and flexibility (e.g., its adaptability for
single frequency, super-mode, and mode-locked operation); There are other
lagers which exhibit better operational potential,

Furthermore, the atmospheric physics experiments would be better served by in-
cluding at least two transmitter wavelengths on the spacecraft. In fact, the phase
correlation experiment is predicated on the use of widely separated wavelengths
to establish coherence scaling laws, Thus, a second transmitter frequency is not
only desirable in all of the propagation experiments, it is essential in some.
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The nilrogen carbon-dioxide (COz-Nz) laser is a new form showing great promise
because of its high power and efficiency and favorable wavelength for operation in
the almosphere, Significant advances in detection and modulation devices will be
required before this laser can be applied in operational wideband systems. How-
ever, its threshold of oscillation is-about one tenth that of argon lasers of com~
parable power.

The laser will not be massive since a solenoid is not.required, but additional space
may be needed to carry reservoirs of the Ny and COg gases. For the proposed
optical heterodyne detection experiment at a Iong optical wavelength, the transmit-
ter is aboard the spacecraft and the receiver is at the ground station, where it is
practical to use cryogenically cooléd detectors for wide bandwidth performance,
Because of the longer wavelength, the tuning and alignment problems are less
severe thah for-the helium-neon local oscillator, However, the output will have to
be maintained at specified frequency in a single TEMgy mode.

Such a wide separation in frequency (0. 488 micron fo 10. 6 microns) imposes very
stringent requirements on the laser telescope design. Conventional materials which
transmit at one of the wavelength extremes are opaque at the opposite extreme,
Three avenues of solution are evident: (a) develop a new refracting material,

(b) restrict the laser telescope to an all-reflecting configuration, or (c) use a
separate telescope for the 10. 6~micron transmitter. The latter solution is the
's'impllést and the lowest-risk alternative.

To compare a 10, 6-micron link with a 0. 6328-micron link, consider the transmis-
sion equations once again, Equating signal-to-noise ratio, prime power, receiving
perture, and bandwidth:

- 2
Dty CAWAWRS]

>émparison of 0, 6328-micron and 10, 6-micron links on a detector quantum effi~
siency basis is not rigorous,” In the visible region, photoemissive detectors apply.
These are customarily compared on a quantum ‘efficiency basis. Infrared detectors
ire photoconductlve, hence should be compared on a detectivity basis. However,
or-a gross comparigon, the equivalent mfrared detector quantum efflclenc_y can be
postulated as approximately twice that of v1s:Lble light detectors. Thus,: an order

of magnitude comparison of the spacecraft transmlttmg aperture requirement can
be made as:

Pt 2.
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II-52



since at Ao = 0, 6328 micron, €5 < 0.0008; and at )y = 10, 6 microns, € 0.1, It
follows that a 10. 6~micron link with a 0.3-meter aperture should give equivalent,
or slightly superior, received signal characteristics,

For a 0.3-meter aperture, 10, 6~-micron transmitter, the diffraction-limited half
power beamwidth is 7 arc seconds, allowing an absolute aligpnment error of 43 arc
seconds, Using the 3 o probability criterion for circular errors, this {ranslates
into an error budget of 6p = 1 arc second, Such a tolerance is large enough to con~
sider slaving the 0.3-meter telescope to the 1, 0-meter telescope, thereby elim-~
inating the need for a second precision tracking system in the smaller telescope,
Preliminary structural analysis of a strap-together 1, 0-meter/0, 3-meter telescope
configuration indicates that angular deflections will be less than 1 are second for
typical spacecraft attitude disturbances. I follows that, if 0.1 arc second ervor
tolerances are assigned to boresight parallelism, the 1.0-meter telescope tracking
error, and the 0.3-meter telescope point-ghead device, respectively, adequate
pointing accuracy can be assured for the slaved, strap-together telescope.

Narrow bandwidth detectors at 10, 8 microns do not need cryogenic cooling for sat-
isfactory performance and can be used in 3 spaceborne receiver. The spaceborne
receiver at 10, 6 microns will be used to measure the low frequency (< 1000 Hz)
scintillation of the atmosphere on the uplink, Polarization modulation of the trans~
mitter beam provides an outgoing beam of constant intensity. Isolation between
receiver and transmitter is not critieal because the constant intensity transmitter
beam will only appear as a bias in the receiver if cross talk appears. Therefore,
the transmitier and receiver may be operated simultaneously.

9.4.3 Separately Gimbaled Apertures

It is desirable, from the viewpoint of atlﬁospherie physics experiment degign, to
provide another Earth-fo-space propagation link at one of the shorter wavelengths,
This strategem serves to correlate observed effects and, in some instances, to
isolate test variables. Thus far, the logic for including a 0. 488~-micron uplink and
a 0, 6328-micron downlink has been developed. The needed coincidence of uplink
and downlink frequency can be obtained by adding a reverse direction link at one of
these frequencies, The simplest solution might be to use a corner reflector~but
this approach violates the desire to correlate observed effects,

To add a 0.488~micron downlink imposes the same threshold power penalty which
wag avoided in the initial choice of spaceborne fransmitter. A 0, 6328-micron up-
link would use proven components, many of them previously tested in space, making
the (0. 6328~micron uplink a desirable choice,

However, to incorporate both {ransmitier and reeeiver of the same frequency for
simultaneous operation in the same telescope would result in obvious isolation
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problems. If such problems are solvable, the solution would surely add complexity
with attendant reliability implications and would probably degrade experlments (such
as Phase Correlation) to which signal power i's critical. Installationin a different
telescope is clearly indicated.

A ground-based helium-neon tr._ansmittei' need not be constrained in size, power
consumption, ‘and énvirornmental qualification as a spaceéborne transmitter, Exist-
T ing de51gns now operate with 100-milliwatt output power — in contrast with the 10-
milliwatt output contemplated for the 1-meter apertire, hehum—neon spaceborne
transmitter (i.e.., P2/ P4 =10), Once again réturning to the transmission equation,

" recall that

2/ 9
D - [ D
tl ) _ ) rz Pz

D D P
tz r T

“For the ¢ohierent light experiments, the same diameter limitations apply to an
Earth-baseéd transmitting aperture as to an Earth-based receiving aperture:
D "= D_'. Then, '
N A | .
'Dt 1
‘D, = —— = 0,3 meter

Y2 /10

Again, a 0.8-meter auxiliary telescope aperture would be adequate.” But, in this -
case, the reasons previously given for optically dissociating the 0. 6328-micron and
10, 6-micron energy processing still hold. Combination in the 0.3-meter, 10. 6=,
micron télescope is undesitable. Furthermore, the correspondmg dﬁfractlon—
limited: beammdth'ls less than half of an arc sécond—an order of magmtude smaller
error budget for a 0. 3-meter, 0. 6328-micron strap-on con.‘flguratlon than for the '10. 6-
micron, 0,3-meter telescope, It follows that the 0. S-meter, 0, 6328~micron re-
celvmg telescope should contam 2 separate fine tracklng devme.

There are secondary bonuses to a separately gimbaled, 0. 3-meteér telescopé, In
transferring tracking from one ground station to anather, a separation of at least
30" arc-seconds is contemplated, If handled within the 1. O—meter telescope the
tracking transfer experlment would impose additional field-of-view and defocusmg
‘requirements, These requirements are relaxed When two separately glmbaled
telescopes are used.

Finally," there can be space behind the separ'atelj',r' gimbaled 0, 3-meter telescope to

install a back-up 0. 6328-micron laser transmitter, "This back-up laser is redundant,
It will not be operated under normal experiment conditions, It is included to assure
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qualified success in the event of a debilitating or catastrophic failure of key elements
housed in the 1, O-meter telescope well, Each of the space~to-Earth propagation
experiments can be conducted with the back-~up laser transmitter on the 0, 3-meter

telescope—compromised by reduction in signal strength and pointing accuracy as
compared to the 1, 0-meter telescope.
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9.5 LASER TELESCOFE DESCRIFTIONS

9.5.1 Oﬂe Meter Telescope

The one meter telescope system is an optical frequency transmitter-
receiver with tracking capability, operating through a common Cassegrainian:
telescope which serves as a highly directional collector and collimator of
light energy. ,The transmitter and principal receiver operaie at.a wave-
length of 6328A, and the tracking subsystems and the auxiliary receiver
operate at 48BOA. The telescope system contains provisions for modulating
the transmitter carrier, detecting the modulation on the receiver carrier,
centering its beam on the ground station, compensating for transit time
differences and making certain aligmment adjustments. (See block diagram in
figure 9.5.1-1.)

Rigidly mounted to the one meter telescope is a 0.3 meter transmitter tele-
scope which will be described in subsection 9.5.2. These telescopes are
illustrated in figure 9.5.1-2.

9.5.1.1 Transmitter

The transmitter of the one meter telescope is illustrated in figures 9.5.1-3
and 9.5.1-ba. Tt consists of a transmitting laser package, a complex of pro-
cessing optics and the Cassegrainian telescope. The laser package is an
integrated unit including two helium-neon laser tubes with associated
cavities and controls, electro-optical modulator and optical switech for
laser selection. The energy emerging from the laser package is plane po-
larized, amplitude modulated and in a beam 1.5 mm in diameter and diverging
at an angle of one milliradian.

On emerging from the laser package the beam is passed through a beam expand-
ing telescope which serves four functions: (1) it matches the laser output
beam to the aperture of the succeeding processing optics and eventuvally the
input aperture of the telescope; (2) it collimates the output for diffract-
ion limited performance; and (3) it provides a means for calibrated decolli-
mation for controlling beam spread. The fourth funciion is to redistribute
the energy to provide a more efficient match between the CGaussian laser
output and the centrally obscured Cassegrainian telescope. This is dis-
cussed in further detail in subsection 9.5.1.1.1.

Pollowing the beam spread control telescope is a quarter wave plate to
convert the plane polarized laser output to circularly polarized light. A
polarization compensator then corrects for the polarizing effect of the
optical elements in the system by introducing a caleulated polarization
bias into the light beam. The compensator is installed and checked out
during assembly. A variable density filter in the transmitter light path
is used to attenuate the beam by a calibrated amount to simulate the deep
space conditions. A filter wheel containing a suitable selection of filters
is provided for this function. Additional attenuation is available through
the heam spread control.
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Following the filter wheel is the point shead diasporameter which intro-
duces a calibrated angular separation dpetween the received and transmitted
beams. This is to compensate for the relative velopcity difference between
the ground station and space station. A general discuséion of diaspora-
meters can be Ffound in subsection 9.5.1.1.2.1. In the Tinal report of
OraES Part I (1) it was stated that the point ahéad diasporameter could
generate vignetting of the transmitted beam up to a maximm of 25%.
Refinements of design, chieéfly dn enlarging the apsrture of the beam at the
diasporameter with an accompanying decrease in magnification of the antenna
telescope, and the shortening of the optiecal path through the fine beam
deflector, have reduced the vignetiting to a maximum of sbout 7%. It is
felt that this amount of vignetting is acceptable and no pogitive steps
need be taken to reduce it further.

The diasporameter wedges must be driven -in counterrctation to provide the
deflection for point ahead, and in unison to provide orientation. This can
be accomplished with two motors, a differential and two rotation sensors.
The sensor Tor deflection angle should bhe & resolver or a similar sinusocidal
transducer and the sensor for the azimuth angle should be linear with angle.
An alternate method for point-shead generation is the use of four wedges
arranged in two pairs with orthogonal axes, the two members of each pair
being driven in counterrotation. This has the advantage of isolation of
two axes and elimination of the differential from the drive. At the same
time it is burdened by the regquirement of added opbical surfaces and ad-
ditional length of optical path, dnvolving an incresse in volume. Either
technique could serve the required funciion and a trade-off analysis is
indicated bhefore & choice can be made.

After the point shesd diasporameter, which is reguired to deflect the trans-
mitted beam only, and before the fine beam deflection device which operates
on both the transmitted and received beam is a dichroic beam splitter which
passes the 6328A energy and reflects LBBOA energy. Its function is to
separate out the received L8804 energy and divect it toward the direct .
detection receiver and tracker while not materially diminishing the trans-
mitied energy. Less than one percent of transmitter energy is reflected
and viilized for monitoring and boresight adjustment as described in a

later paragraph.

Between the last two mentioned elements, namely the point ahead diaspora-
meter and the dlchr01c beam splitter thére is sgpace for an optical switech
or f1ip mirror "B" which is out of the circuit when the transmitter is in
operation. It is swiitched.into position when the heterodyne detection
receiver is in use, meking it Impossible to use the heterodyne receiver
and transmitier simulbaneously in this instrument. The last element of

(1) (OATES Part I section 8.2.1.2.2)
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processing optics in the transmitter chain is the fine beam deflector.
Advances in technology (1) since the final report of CTAES Part I have
permitted the inclusion of a much improved concept of fine beam deflec-
tor in the current telescope design. This is described in subsection
9.5.1.1.3.2. Because of its wider aperiure and the larger amplitude

of motion of the individual mirrors this deflector has significant
improvement over the one previously described. (See subsection 9.5.1.1.3.1.)
Since it uses only two reflecting surfaces instead of a minimum of 16,
it needs no aperture transfer optics, and its geometry reduces vignet-
ting to an acceptable level. What is sacrificed in order to gain

these advantages is the kilchertz frequency -response. This, however, is
no serious disadvantage as the 0.1 kilchertz response remeining is
adequate for the current application.

The antemna function of the transmitter is accomplished by a 38 power
telescope consisting of a Cassegrainian objective of 0.965 meter aperture
and 6.705 meter effective focal length, and a Galilean ocular of -1T76 mm
focal length and a clear aperture of 30 mm. The eyeplece 1s achromatized
for the two wave-lengths of interest, namely 6328A and 48804, and corrected
for reasonable image quality over a fleld of £ one minute. The objective
consists of & primary mirror with a focal length of 2.235 meters and an
aperture of 0.965 meter. The secondary is separated from the primery. by
1.524 meters and has an aperture of 0.318 meter and a focal length of
-1.067 meter. With the extremely small field of view requirements these
can be a classical Cagsegrain, with a paraboloidal primary and a hyper-
bololdal secondary. The principal telescope has two functions: it matches
the 25.4 mm pupil of the transmitted beam at the fine beam deflector to a
one meter puplil for transmission to earth in a highly directional beam; at
the same time 1t collects the received energy from earth and collimates 1t
into a one inch pencil for transmission to the receiver.

The transmitter energy which is reflecied by the dichroic mirror, amounting
to less than one percent of the total, is directed towards a beamsplitter
vhere 1t is divided between the transmission monitor and the boresight
shutter and mirror.. The transmission monitor is a pPhotomuitiplier which
detects the transmitter energy received and continuously checks the trans-
mitter output level and modulation. The remaining energy is used for the
transmitter boresight adjustment which is described in subsection 9.5.1.4.2.

9.5.1.1.1 Effect of Central Obscuration on Transmitter Beam

The combination of a laser transmitter and a collimating telescope of
Cassegrainian configuration has an inconsistency which can cause a serious
loss in efficiency. This is due to the fact that the aperture of the
Cassegrainian telescope has a central obscuration through which nothing

(1) Investigation of Electro Optical Techniques for Control of The
Direction of a Iaser Beam, Contract NAS 8-11k59 - May 12, 1967 AT&E
Bayside, New York.
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can be transmitted, while the output of the laser is Gaussian in distribu-

tion, which wakes the central part of the beam carry the densest concentra~
tion of energy. Therefore, the richest part of the beam is blocked by the

central obscuration. )

There are several approaches to the golution of this problem which will be
discussed in order. They include refractive opties, Herschelian telescope,
refractive compensation and reflective redistribution of energy.

G.5.1.1.1.1 Refractive Optics

The firsft and most obvious method of correcting the inconsistency is to
eliminate the central obscuration. One way in which this can be accomplish-
ed is by the use of refractive optics. While this is guite feasible for
smail optics, the likelihood of success decreases rapidly as the aperture
increases. In fact, the optical design described in this report uses re-
fractive optics for all elements whose apertures ave iess than one inch;
however, the use of refractive elements for the main objectives of the
telescopes is out of the guestion for several reasons including the weight
renalty of such a large piece of .optical glass, the difficulty and expense
of manufacturing such & large lens and the difficulty of supporbing it
adegquately to survive the launch -environmment. Any lingering suspicion that
this is & practical solution should be dispelled by the fact that the
largest refractive astronomical felescope in the world hiis an chjective no
larger than the one required for the 1.0 meter telescope.

9.5.1.1.1.2 Herschelian Telescope

There is a type of reflecting Lelescope which also avoids the central ob-
scuration. This is the Herschelian telescope, shown in figure 9.5.1-5a whose
objective is a portion of an off-axis paraboloid and whose secondary mirror
is outside of the field of the primary. This configuration not only elim-
inates the central obscuration bub it alse eliminates the diffraction
effects of the support structure for the secondary. The disadvantages of
the Herschelian telescope are three: . . -

a. It is non-symmetrical, thus eliminating any balancing of aber-
rations that'can be derived from a symmebrical telescope. .

b. The extreme rays are twice as far off-axis in a Herschelian
telescope as in a Cassegrainian; and, in the case of the 1.0
meter telescope approach a focal ratioc of 1.16 rather than
2.32, thus making correction to & diffraction limit more
difficult.

¢. The manufacture of an off-axis mirror freguently requires finish-
ing one twice the required size, cubtting out the part desired
and discarding the remainder. Making a two meter mikror is many
times more difficult than making s one meter mirror.

Therefore, the Herschelian telescope is not recommended as the angwer.
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9.5.1.1.1.3 Refractive Compensation

9.5.1.1.1.3.1 Aspheries

Another approach is to redistribute the energy in the laser ‘cutput beam to
change the Gaussian distribution of the output to uniform distribution, or
even to over-compensate and put the bulk of the energy into an annular

zone where it will be free of central obscuration. Two media present them-
selves whereby this might be accomplished within the pupil matehing tele-
scope at the modulator output. One mechanism is the use of aspheric sur-
faces on the telescope lenses designed to deviate the central rays more
sharply at the center of the field than at the edge. A corresponding
aspheric in the recollimating lens is required to maintain a collimated
beam. )

9.5.1.1.1.3.2" Elements with Coma

A method not using aspherics is also available. Coms is an aberration
which is characterized by differential magnification as a funection of dis-
Placement from axis. If the lens has higher magnification in the outer
zones, the comge is said to be positive; if the magnification is greater in
the center, the coma is negative. Using the above definitions, consider
the short focal length lens to possess negative coma, and the long foecal
length lens to possess positive coma; some of the energy should be redis-
tributed out of the central zone and into the outer zones, producing effects
similar to those described for the aspheric lenses. To determine the
actual effectiveness of these schemes, a ray trace program must be con-
ducted.

9.5.1.1.1.3.3 Double Cone Inverter

A different and promising means of refractive correction is the addition
of & separate elemeni placed in collimated space between the beam spread
control telescope and the point-ahead diasporameter. This element effec-
tively turns the beam inside out. If the input beam is expanded to a
diameter 50% greater than optimum without this device and then inverted,
the centrally obscured portion of the exit beam would contain energy to
have been rejected in any case, and the energy which would have been sasecri-
ficed to the central obscuration'is shifted to an outer zone and preserved.

The element which performs this function is a proprietary device for which °
patent protection is being considered. It consists of a double ended

right circular cone (a number of alternate configurations are feasible),
which is made coaxial with the beam. Figure 9.5.1-6 illustrates the geometry
of the device and its effect on the energy distribution. The incident

rays on striking the entrance surface of the cone are refracted toward the
optical axis. After they cross the axis by the appropriate amount they

are refracted by the exit face. Because of the symmetry of the device, ~
the two faces as seen by any ray are parallel to each other so that the
emerging ray is parallel to the entering ray but displaced by the desired
amount. By manipulating the cone angle and the length of the double cone
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&, wide range of'output‘patterﬁs can be achievea. 1ne cone angle and over-
all length are ‘balanced for the best compromise of size and rolarization
effects. Antireflection coatings réduce reflection and resulting polari-

zation, and residual polarization is handled by the polarization compensa.~
tor.

9.5.1.1.1.3.4 Reflective Redistribution of Energy

A mechanism has been described (1) whose function is "to create or elimi-
nate holes in the pupil of & beam of light". It consists of a conical
mirror and an ogival mirror. See Ffigure 9.5.1-<5b. When used to create the
hole as in the present requirement, the incoming light strikes the' conical
mirror and is diverged in a hollow come. The light is recollected and
reimaged or recollimated in a beam of anmular cross section. -While the -
device illustrated Shows finite congugates, the text of the reference in-
dicates that it can also be corrected for collimated light., Such a.device
has been constructed and used, but as in the prior case, further investiga-
tion in the form of a ray trace analysis is recommended.

In summary, although a laser and a (assegrainian telescope make poor com-
ranions, it may be possible to reduce and, perhaps, even eliminate the in-
compatibility so that they can perform gquite erficiently when used to- .
gether.

9.5.1.1.2 Point-Ahead Defléctor

Several mechanisms have been studied as the preférable ‘way of achieving the
point-ahead correction for transit time to the ground station. Since the
magnitude of deflection required for point-ahead is comparable with :that

of the fineg beam deflectidn, the use of the same type of mechanism for both
deflections was considered. However, "the bandwidth requirements are vastily
different and it became evident that the sophisticated approach.required to
get the high speed of response in the fine beam deflector is entirely un-
necessary in the point-ahead functign. For the comparatively static cor-
rection required and the low speed of response the diasporameter is ade-
quate, and its efflclency, stability and rellablllty highly recommend its
use -For- point-ahead deflection’

9.5.1.1.2.1 Iﬁasporameter

A diasporameter consists of a pair of optlcal wedges:, each effecting:’a
small angular deviation on an incident light ray. As generally applied,
the deviation is the same in each wedge, although there are specific-cases
where they may not be equal. In this discussion, only matched pairs are
considered.

(1) (Ref. Seymour Rosin - JOSA Volume 45 P398 "Mirror Condenser for
Spectrographs’)
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An optical wedge, as shown in figure 9.5.1-T7 deflects an incident ray by
bending® it toward the normal on entering the wedge and away from the
normal on leaving the wedge. TFor small angles:

P = a(n-1)
where:

P is the angular deviation

a 1is the apex angle of the wedge

n i-s the refractive index of the wedge material
The deviatipn can be resolved into components as Ffollouws:
’Fié:ure 9.5-7b)-

P = p0058

X
P y=p sinf
where -
Py and Py are the x and y components of P

8 is the angle between the thick end of the wedge and the positive
X-axis :

When the .wedges are used in a diasporameter, the effect of both wedges is
summed. If © is the same in both wedges » 88 shown in figure 9.5.1-Tc,

Py=~Pcose + Pcos8 =2 P cos@
Py

fence, the net effect of two wedges with the same orientation is double
the effect of a single wedge.

=P sin® +Psinf =2 P sinf

¥

Next consider the effect when the angles are separated by 180°.

It

Py =PcosB+pPcos (80°+8 ) =0

Py =P sin0+ P sin (180° + @)

0
Hence the effect is a net cancellation.

The third case of special interest is the situation where the angles are
equal but opposite. See figure 9.5.1-7d4 .
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a. Deviation by single wedge

c. Second
wedge wlth
same rota-
tion as
first

2psinG

b. Resolved components of deviation by single wedge

2 pcosg

d, 3econd wedge rotated counter to
first.
Figure y.,.1-| peam veviation DYy Vlasporameter
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P

Py

Hence the x components are additive, the deviation bears a cosine relation
to the wedge rotation, and the y components cancel. .

x=P cos @ +Pecos(-0 ) = 2 Peos 6

Psin® +Psin (-6 ) =0

From the foregoing, it can be concluded that any displacement between
zero and 26 can be achieved by counter-rotating the wedges by a specific
amount between 0° and 90°, and that the orientation of the displacement
angle can be adjusted by moving the two wedges in unison.

.~

9.5.1.1.3 Fine Beam Deflectors

The choice of a beam deflector for an optical tracking system depends upon
the requirements set for resolution, speed of response, optical attenuation
and the optical configuration of the rest of the system. If it is to be
launched the unit must also be rugged, and weight and power consumption
become important considerations. Those beam steering devices whiech will

be discussed herein will be limited to three reflection type devices, the
shear-plate mirror, the bender-mode mirror, and the mirror galvanometer.
Bach of these is basically a transducer driven mirror. Other beam steer-
ing techniques are not being considered since they fail to meet the res-
olution requirement of *300 spot diameters.

9.5.1.1.3.1 Shear Plate Deflector

Wideband reflection scanning may be achieved by using mirrors attached to
piezoelectric’ shear transducers, as shown in figure 9.5.1-8. These trans-
ducers develop a shear strain in response to an electric field applied
Perpendicular to their poling direction. The induced shearing action
causes the mirrors to tilt through an angle proportional to the applied
field. Multiple mirror structures are employed to increase the scan angle,
and hence the resolution of the deviece. With presently available piezo-
electric materials, peak-to-peak angular mirror motions of 0.05° are
possible. The relative sizes of the mechanical components govern the oper-
ating bandwidth by determining the mechanical resonance fredquency of the
mirror-driver combination. Units with half inch mirrors have been made to
operate over a bandwidth of de¢ to 17 kHz; however, 18 mirrors are needed
to obtain 400 spot resolution and optiecal attenwation becomes excessive.
This same problem is present in designs for lower freguency, higher resolu-
tion operation due to the large number of reflections needed.

9.5.1.1.3.2 Rending Deflector

There is another type of piezoelectric transducer which can be designed to
give much larger angular deflections, but which is more compliant then the
shear transducer. This element is the piezoelectric bender and is illus-
trated in figure 9.5.1-9a. The bender comstruction and action is similar to
that of a bimetallic thermometer. Two piezoelectric expanders are bonded
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together and energized so that one expands as the other contracts. This
causes the entire unit to bend. If the bender is mounted as a cantilever
beam with a mirror on the free erd, the tilting of this end may be used to
steer a light.‘beam. .S3Since the deflection ahd compliance of the bender are-
both proportional to its length, large scan angles in a single element are
achieved. only -at the expense of bandwidth. Because of this, and the fact
that the maximum deflection dis not inherently: I'imited, the bender seems

more suited than the shear transducer to low fredquency scanning up to a few
hundred hertz.
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Figure 9.5.1-8 Shear Plate lirrcor Deflsctor Uses Shear-Mode
Pransducers To Tilt The Mirrors
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Recent advances in the technolopy of beam benders have developed this con-
cept inte the probable selection for the beam deviation funchbion in the
laser telescopes.. The rudimentary unit shown in figure 9.5.1-9a has been
improved, as shown in figure 9.5.1-9b, by making the mirror parallel to.the
rest position of the crystals. This brings the center of gravity closer to
the center of rotation thus improving the resonance characterigstics of the
unit. The mirrors are large enough, 1.5 by 2.0 inches, to permit a one-
inch diameter beam to be operated upon, and the maximum beam deflection
amplitude of #50 minutes permiis the use of a 38 power antenna itelescope
with & resulting deviation capability of *1.3 minutes in external space.
This exceeds the required deviation by a factor of 4, thus permitting the
use of relatively small excitation voliages on the crystals, on the order
of 200 volts. Furthermore a single pair of deviators, one for each co-
ordinate, is adedquate for the telescope. " The arrangement is ghown in figure
9.5.1~892.For further details the reader is referred to & report on the
development of the device.(l)

9.5.1.1.3.3 Mirror-Coil Assembly

The mechanism of the traditional optical galvanometer consists of a mirror
attached to a coil which is suspended in a steady magnetic field. Passing

a current through the ceoil causes the mirror-coil assembly to twist on the
suspension. The magnitude of the current governs the twist angle while the -
suspension provides the regtoring force. BSystems of this type may be con-
structed to give 400 spots resolution at a few kFHz from a single mirror.
Because of the need for a magnet 1o provide the de field the weight of a
one-dimensional scanner may reach 10 1lbs. or more and require many times

the volume of the previous devices. These Factors will most likely limit
its usefulness for spaceborn applications.

9.5.1.2 Receivers

The 1.0 meter telescope has twe receivers;‘one is 8 6328ﬁ heterodyne re-
ceiver which can be operated at any time when the transmitter is not in
operation, and the other is a 4880A direct detection receiver which can be

(1) Investigation of Electro-Optical Technigues for controlling the
Direction of a Iaser Beam, Interim Report, Contract NAS 8-11459, Gen. Te.
& Electronics Iab., Inc., Bayside, N. Y.
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used at any time that the ground station is operating at full power. Both,
receivers as well as the tracker operate on-energy collected by the tele-
scope and collimated into a 25.4% mm beam by the Galilean ocular (see figure
9.5.1-10 and 9.5.1-bb). The line of sight is then stabilized by the fine bear
deflector and separated by the dichroic beam splitter. The 31gnal for the
direct detection receiver and the tracker are directed away From the tele-
scope axis and Gtoward the tracker. This line of sight will be resumed in

the discussion of the direct detection receiverﬁ ’

§.5.1.2.1 Heterodyne Receiver

The 6328ﬁ light for the heterodyne receiver passes through the dichroic
mirror to the flip mirror optical switch. When this switch is in the
receiver position the heterodyne receiver beam  is reflected out of the trans-
mitter line of sight toward the heterodyne receiver subassembly. Between
the dichroic beam splitter and the heterodyne receiver subassembly is an
aperture matching telescope which serves to narrow down the one inch beam
produced by the antenna telescope to a two millimeter diameter suitable for
the receiver subassembly. o T

The heterodyne receiver subassembly contains the loecal oscillator, four
detectors and the appropriate processing optics for the signal and local
oscillator beams and their combination. The signal beam, after being nar-
rowed down by the aperture matching telescope mentioned above is passed
through a narrow band interference filter centered at 6328A for the purpose
of reducing background noise from other parts of the spectrum. A polariza-
tion “compensator then removes the polarization bias that may have been in-
troduced by the preceding optical elements. This element returns the beam
to its original c1rcularly polarized state. A quarter-wave plate then
transforms the circularly polarized input llght to plane polarized light.
The polarization analyzer, a Wollaston prism, separates the beam into two
polarization components, which, with the aid of an suxiliary mirror are
made mutually perpendicular. Each ray is directed toward a beam splitter
which divides the energy equally between two multiplier phototubes. Thus
the signal energy is divided among four photomultipliers through the in-
strumentallty of the polarization anslyzer and the two beam splitters.

Concurrently the same four tubes .are illuminated by the local oscillator
through its own processing optics consisting of an aperture matching tele-
scope, two beam splitters,; a shutter and a half wave plate in additioh %o
the two bedm splitters associated with the photomultipliers. The local
oscillator is a single frequency helium-neon laser with automatic freguency
control, producing a beam of 1 mm ecross-section, 2 milliradian divergence
and 0.1 nilliwatt power output. The aperture matching telescope expands
the beam from 1 to 2 millimeters to provide the required match for the
detectors. The near beam splitter taps off the energy not required for the
heterodyne receiver and shunts it into another line of sight where it is
used for a tracker balance calibration which is discussed later. The °
shutter labeled Shutter "A"™ is closed when it is desired to operate the
heterodyne receiver as a direct detection receiver and during the prelimi-
‘nary eduipment checkout. This shutter, as are the other two shutters used
in this telescope, is a simple electromechanically actuated device.
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The beam splitter between shutter "A" and the half-wave plate divides the
beam into two equal parts, one for each pair of detectors. The local
oscillator laser is oriented so that the polarization of the beam which
does not pass through the half-wave plate is parallel to the polarization
of the beam with which it mixes. Thus it is crossed relative to.the polari-
zation of beam incident on the other pair of detectors. To remedy +this a
half-wave plate is introduced in the appropriate path. This-element pro-
duces a 90 degree plane change in the polarization of the beam with the
effect that it too is coplanar with the beam with which it mixes. Thus
each detector pair receives appropriately polarized light both from the
ground station signal and from the local oscillator. The phototubes detect
the temporal interference patierns between the mixing beams which emerges
as an intermediate frequency signal. These in turn are processed by the
necessary phase shifting and summing circuits and amplified for recording
and display.

9.5.1.2.2 Direct Detection Receiver

The 48BOA received signal intended for the beacon tracker is diverted from
the instrument optical axis and directed on a new line of sight toward the
tracker. -An aperture matching telescope, identical +o the one used for the
heterodyne receiver, narrows the 25.4% mm beam to 2 mm. At this point it
encounters an optical switch in the form of a flip heam splitter. Normally
this element is out of the circuit so the beacon signal passes unatienuated
to the tracker. Under specified conditions, when it is desived to demodu-
late the 48804 beam, the beam splitter is introduced. When in place it
diverts about 15 to 20% of the beam toward the direct detection receiver.
This receiver consists of a narrow band interference filter centered at
L8804, a polarization compensator, a quarter wave plate and a polarization
analyzer identical in funetion to those used in the heterodyne receiver
subassembly. Both beams emerging from the analyzer are intercepted by
multiplier phototubes where the signals are detected. The signals are then
amplified and processed for display and recording.

9.5.1.3 Beacon Tracker ~

The last principal element of the 1.0 meter telescope is the beacon tracker
shown in block diagram form in figure 9.5.1-11. Its function is to detect
departures of the telescope axis from the ground station line of sight and
to correct the departures by appropriate adjustment of the fine beam de-
flector and the gimbals. See also figures 9.5.1-12 and 9.5.l-4c. The input
48804 signal is collected, as it is for the receivers, by the antenna tele-
scope, collimated by the Galllean ocular, stabilized by the Tine beam de-
flector, picked off-the main axis by the dichroic beam splitter, compressed
by the aperture matching telescope, and transmitted through with either 15%
attenuvation by the f1ip beam splitter For the direet receiver if to be used
or by-passing it with no attenuation. At this point it pasges through a
very narrow band (1A) interference filter centered at L880A to reduce
background noise. Tt then passes through a dichroic beam combiner which
serves to introduce a test signal originating at the local oscillator into
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the tracker line of sight for tracker balance calibration. This will be
discussed shortly. For reasons to be indicated this element passes the
48804 energy with virtually no attenuation but acts as a beam splitter for
6328A The light-is then brought to a focus by & telephoto lens subassembly.
The Tocal length of this lens in combination with the antenna telescope and
aperiure matching telescope is calculated to provide a scale factor of 1
minute per inch. This comes to an effective focal length of 87.58 meters
for the entire tracker system and 181 millimeters For the telephoto lens
itself.

At or near the focus, at a precise-position determined by an analysis of
the tracker loop, is placed the apex of a field splitting pyramid prism
reflector. This is the first element of the beacon tracker subassembly,
and it divides the image of the tracker field of view into Tour quadrants
precisely aligned to the axes of both the Tine beam deflector and the point
ahead diasporameter as well as the gimbal axes of the telescope. The light
from each, quadrant is collected by an eyepiece lens and a multiplier photo-
tube is placed at each exit pupil. Frocessing electronics determine the
position of the tracker axis with respect to the ground station line of
sight and generate the required signal for the fine beam deflector to bring
the two into register. Excessive bias on the fine beam deflectors is
sensed and an appropriate correction signal is sent to the telescope gimbals.

9.5.1.4 Auxiliary Features

9.5.1.4.1  Tracker Balance Calibration

A beam splitter:between the local oscillator aperture matching telescopé .
and heterodyne receiver provides an additional optical path from the local
oscillator to the tracker. ,The light is reflected by a dichroic beam
combiner (which. passes 48804 light) and is directed to the tracker. The
arrangement is shown briefly in figure 9.5.1-1 and 9.5.1-4 and in more detail
in figure 9.5.1~13. This path is used as a means of detecting and compensa-
ting for any drift that may occur in the tracker detectors. The: compensa-
tion ig achieved by an automatic gain control action on the detector power
supplies. This feature is required by the D.C. mode of operation of the
detectors. The local oscillator energy which has been expanded by the
aperture matchiﬁg telescope is divided by the beam splitter mentiocned above.
The light not reguired for optimum performance of the heterodyne receivers
is deflected into a new line of sight where it has a signal impressed- on' it
by an electro optical modulator. A Tolding mirror then redirects the line
of sight and a neutral filter reduces the intensity of the beam to a level
suitable for the tracker. A shutter is used to isolate the local oscilla-
tor from the tracker when the balance calibration is not in use. This is
referred to as Shutter "B" (figure 9.5.1-#). The beam is then merged with the
tracker beam at the dichroic beam combiner, is imaged by the telephoto lens,
split into guadrants by the- pyramid and detected by the photomultipliers.

A comparator amplifier, filtered to pass the modulator frequency determines
the adjustment in the power supplies to balance the detectors.
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9.5.1.4.2 fTransmitter Boresight

The dichroic beam splitter behind the fine beam deflector, although passing
the great bulk of the transmititer power, nevertheless reflects a small nor-
tion (less than 1%). This energy is reclaimed to serve two useful Ffunctions,
namely transmitter boresight calibration and transmission monitoring. The
l% or less of the transmitter power is reflected as stated before, and is
divided into two beams by a beam splitter. The smaller amount is reflected
and caused to fall on amultiplier phototube which measures the power level
and modulation. The transmitted portion is directed through a normally’
closed shutter to a retroreflecting mirror (see figure 9.5.1-14 for additional
details}. When the boresight calibration is operative, the beam is caused
to return on itself by the retroreflector, then passes through the ‘dichroic
beam splitter, is narrowed down by the aperture matching telescope, attenu-
ated by the 4880& filter and is passed through the dichroic beam combiner.
with some additional attenuation. It is now focused by the telephoto lens-
and §plit by the pyrémid apex, whence it is then detected by the photo- :;:
multipliers. .Any departure from null in the tracker output signifies a -
separation between the tracker and transmitter lines of sight. A corre-
sponding error signal is developed which is used to drive the point ahead
Qiasﬁordmeters until the tracker nulls. This null position is the calibra-
ted boresight correction and becomes the zero position from which any point
ahead.offset is calculated.

9;5.2 0.3 Meter Strappeé cn Telescope

The 0.3 meter strapped on telescope illustrated in figure 9.5.2-1 is an
infrared transmitter-receiver which has no tracking capability of its own,
but relies on the tracker in the 1.0 meter telescope. It is shown schemati-
cally in figure 9.5.2-2. The transmitter, as with the 1.0 meter_ telescope,
contains a transmitting laser package, processing optics and the antenna
primary optics. The laser package includes a 002 laser tube with its
cavity and stabilization circuits. It generates one to two watts of output
power at 10.6 micron wavelength, in an output beam three millimeters in
cross section and with a divergence of 2 milliradisns. This beam is then
expanded to 7.9 millimeters by an aperture matching telescope, transformed
from plane to circular polarization by & quarter-wave plate and corrected
for polarization bias by a volarization compensator.

A-point-ahead diasporameter which can be slaved to the 1.0 meter telescope
diasporameter or activated separately serves to provide the reguired trans-
mitter lead angle. An optical switch consisting of a mirror for the re-
ceive position and an almost clear beam splitter for the transmit position
permits the bulk of the transmitter power to pass through to the antenna .
telescope. The small fraction that is reflected is focused on a detector
to monitor the transmitter power and modulation level. A neutral density
Tilter between the beam splitter and the monitor reduces the power to an
acceptable level for the monitor.
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The transmitted beam which passes through the beam splitter is again ex-
randed by the antenna telescope from 7.9 millimeters to 300 millimeters.
The telescope that performs this function is a Cassegrainian consisting
of a parabolie primary mirror of 0.3 meter aperture and 0.762 meter

focal length, a hyperboloidal secondary mirror of 0.1 meter aperture and
-0.381 meter focal length separated from tha primary by 0.508 meter, and
a Galilean ocular of -60.16 millimeters focal length and 12 millimeter
aperture. This provides an effective focal’length of 2.286 meters Fonen
the Cassegralnlan oh3eq$1ve, and a magnificdtion of 38 power-*-Thé R
fraction llmltea beam spread fb?“%hlshtelescope,ls approx1mately 9 secoﬁds
at 10.6 microns! .To. operate- thQW&@ié'mTCrOH receiver “the™ Sptital” striteh
is moved so-that the fully reflecting mirror section is in the line of
sight. This condition assures that the 1ncam1ng energy from the 10.6
micron ground station transmitter, after befng collected and collimated
intoc a 7.9 mllllmeter beam by the antenna telesccpe is reflected toward
the recelver subassembly. The receiver Subassembly‘conslsts of an aperture
matching telescope to reduce the beam frsm ?“9'm1111meters B0 the 1 milli-
meter size of the thermistor bolometer detector. The detector itself is
placed at the exit pupil of,$hgﬁtelescoge, ALl refractiye-elements used
in this telescopa are seiected for 1 i miam absorptlon in, the 107} }6 micron
regioh. Hygfoscopie propeﬁtxgsiof materzals usad in thesen lemﬁnts will
be countered by suztable»desfccatlon means in the telescopa.b M

TP o cut s veen 3

[ .
2.5.3 0.3 Méter Separately Gimhaled Telescope:: . i~ k
r % s e,
The 0.3 meter telescope is pg&g@rlxy a backup dewi ekan&hgmnt&ins all the
essential Teatures of the 1.0 meter telescopér~The &ifferences include
the omission”of the second laser in thet tgansmltt?r laser subassembly,
the omission of the direct detection ESéQﬁrzecewver and a fewchanges in
parameters die to the difference in apewture of the antenna telescofe.
A1l other features are identical, 1ncluﬁ1ng theatracker balance calibration
and transmitter boresight functlon A simplmfled ‘block diagram is shown
in figure 9. 5“3 -1. A more detailed bidék“&migram is found in figure 9.5.3-2
and a conaepﬁual design drawing in figure 9.5.3-3. The antenns telescope
has an aperture of 0.300 meters and an effective Foeal length of 2.286
meters. It is composed of a parabolic priﬁﬁkg mgrror of 0.300 meters
aperture and-0. 762 meter foecal iength, and a hyp@fb0101dal secondary
mirror of 0. 100 meter aperture and -0.381 tmetér foecal length, separated by
a distance of 0.508 meter. A negative colllmatlng lens (Galllean ocular)
of -60.16 millimeter focal length and 12 millimeler aperture provides a
magnification of 38 diameters. Because of this magnification the inter-
mediate beam diameter throughout this telescopgﬂ;s 7.9 millimeters instead
of the 25.4 millimeter diameter used in the 1:0 meter telescope. Accord-
ingly, the aperture matching telescopes for the tracker and receiver are
both approximately 4 power instead of the 12 pow&r of the 1.0 meter tele-
scope, and the transmitier aperture matchlng telescope shows a reduction
from approximately 17 power to 5.5. No change ‘odeurs in the telescope’s
loeal oscillator. One other difference 1stt4§ Jracker image plane scale
factor. Instead of the 1 min. per ineh specified, for the 1.0 meter tele-

gcope it is desired to use a scale factor of-% mitutes per inch. This

-

%
. B
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calls Tor an effective focal length of 29.21 meters instead of the 87.63
meters in the 1.0 meter telescope. But because the preliminary magnifi-
cation (in the antenna telescope and aperture matching telescope) is re- '
duced from 482.6 to 150 diameters the focal length of the tracker tele-
photolens becomes 195 millimeters as compared to the 181 millimeter focal
length used in the 1.0 meter telescope.

9.5.k Mirror Figure Tolerances

Becaugse of the need to maintain the narrowest beam possible in the laser
transmitters the laser telescope mirrors must be diffraction limited. To
this end the tolerance must be within one quarter wavelength of a true
rarabola at 6328A The need for a diffraction limited beam is to provide
adequate power density in the beam at the ground station receivers. De-
rartures from the diffraction limit cause an increase in the size of the
Airy disk in a receiving telescope, and by the same token, an incredse in
the beam-spread as measured in the far field of a transmitting telescope.
Sincé the power is constant and the beam-spread is-a two axis phenomenon
the power .density as seen by the ground station collectors is inversely
proportional to the square of the beam-spread or airy disk diameter. Only
in this. fashicon is the signal to.noise ratio adequate for wide bandwidth-
communication.

For receiving purposes the mirror figure tolerance can be relaxed. AL

the current writing it is anticipated that it will be beneficial to spread
the tracker image beyond the limits of the airy disk to reduce the tracking
gradient -and-thereby soften the response of the system and increase its
stability: The enlarging of the image spot will be -accomplished by de-
focusing.- The amount of image enlargement is to be determined on the
basis.of a simulaticn of the loop. The heterodyne receiver also has a.
reguirement that is less severe than the transmitter, the main restriction
being that, the ground station image be contained within the area on the
detector tubes that is illuminsted by the local oscillator. The quality
of the colléctor optics is however determined by the most eritical functior
which is transmission and for this reason diffraction limited opties will
be utilized in the system.

PRECEDING PAGE BLANK NOT FILMED
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9.6 EXPERIMENTS

9.6.1 COptical Heterodyne Detection on Earth

The atmosphere has been studied for centuries from earth~bound observatories usin
the noncoherent light from stars. Rockets and satellites now permit measurements
of the atmo'sphere with controlled light sources in Earth orbit. As a tool to advance
our knowledge in these areas, the laser possesses two highly useful properties:
spatial coherence and temporal coherence. A laser transmiiter can emit an ex-
tremely narrow, intense beam of monochromatic light. Furthérmore, since it
operates at frequencies sensitive to atmospheric absorption and scattering and vari-
ations in the index of refraction, the laser is the most promising instrument for ob-
taining a better understanding of the turbulent structure of the atmosphere.

Howeve?, uncertalntles in the current state of atmospheric physical theory (para-
graph 9.1.1) underline the need for emplrlcal verification. They are crucial'to '
arguments wh1ch suggest severe limitations on coherent reception; e.g.,.a d1amete:
limitation to collimation (utility of correction fo the diffraction limit), the presence
of an aperfure size-dependent modulation noise, a limit on the useful aperture size.
itself, etc. -Space-to-earth experiment is particularly important since, evenm with
the simplifying assumption of a plane wave incident on the turbulent medium, an
uncertainty factor of two attaches to the coherence limit and the wavelength: scaling:
exponent ()L 6/ 5) remains moot.

To study ;the'_physics of the atmosphere using a spaceborne light source is to shidy
the character of the space-ground propagation path. The establishment of such a
path is tantamount to establishing an optical communication link. Indeed, propaga-
tion experiments are the first step toward establishing the efficacy of lasers in
their most promising operational application: wideband communication over extrem
ly long distances. To achieve this goal, a foundation of spaceborne optical com~ °
munication engiheering data must be obtained. The propagation experiments, ‘singly
and as a group, are advanced as a means for studying the Earth's atmosphere, asa
prerequlslte to the .development of alternatives in the field of communication.

Collectively, the space-to-ground communication experiments provide a comparison
of the fundamental communication techniques: direct detection and heterodyne detec-
tion. The heterodyne experiment is formulated on a-scale sufficient to allow com-
parison between laser and radio frequency communication. Within this experiment
(figure 9. 6.1-1}), provision is made for combining various signal forms, coding,

and modulation methods for test under atmospheric constraints.

For the experiment, two laser wavelengths (0. 6328 micron and 10. 6 microns) will

be transmitted from the spacecraft to an Optical Technology Test and Operations
Station on Earth, Measurements will be made to determine: (a) phase and polari-
zation perturbations introduced by the transmission medium, and (b) the degradation
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Our present knowledge of optical propagation through a turbu-
i lent atmosphere is largely based upon stellar observations and
ground-based laser tests along essentially horizontal paths.
Yet, turbulence theory predicts that the scintillation-and
transit time fluctuations of space-~to-Earth laser light will
differ from those observed by starlight. Furthermore, a space-
borne laser offers the means to study spatial coherence, beam
steering, and depolarization. These effects have dual impor-
tance. They offer a better understanding of our atmosphere,: -
and they bound the utility of optical communication from deep
space. Measurements of heterodyne signal amplitude and phase,
and direct signal intensity fluctuations, will be conducted in
the visible (0.6328 u) and infrared (10.6 p) to obtain: {I)
angle of arrival, phase and polarization fluctuations; (2) wave-
length dependence of receiver diameter; and {3) hetercdyne mixing
efficiency. These measurements are to be made with a single
frequency transmitter in the spacecraft and a duplex heterodyne
veceiver on Earth {capable of direct detection as well) and
have been scaled to allow comparison between the various forms
of laser and radio frequency communicatien.
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VIDEO
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Figure 9.6.1-1. Optical Heterodyne Detection on Earth.
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of heterodyne signal strength and bandwidth capability. Statistical data must be
gathered over periods of many hours and repeated for many days under a variety
of meteorological conditions. Signal distortion measurements must be made
through the entire sensible atmosphere, and results must be correlated with ob-
servable meteorological parameters.

9.6.1.1 Justification

The laser offers an opportunity for scientific measurement which can lead to a better
understandmg of the turbulent structure of the atmosphere.” The purpose of the opti-
cal.heterodyne experiments is to:provide good data fo test the ranges of validity of
the various turbulencé theories. For example, a very interesting and potentially
1mportant point is that all the detailed theory applies to infinite plane-wave sources
'(1,2,5-17) and, recently, to spherical wave sources (1:18) (section 9. 1). These’
are simple approx1mat1ons to the Gaussian wavefronts of lasers. Therefore, an
important result will be the comparison of the experimental data on laser propaga-
tion with the theoretical predictions based on geometric optics for the plane-wave
theory(1,2,4,5-8,12,16) and on the Rytov approximation for both plane and spherical
wave theories, (1,5,6,12-18,20) mpig comparison will determine to what extent
'these simpler, but detailed, approximate theories apply to the propagation.of laser
llght

The only theoretical work done on laser sources (3, 19) i.e., sources with a colli-
mated “(or possibly focused) Gaussian Wavefront uses the Rytov approximation (para-
graph 9.1.1). Although this work leaves the phase:and amplitude fluctuations in
terms of difficult integrals, some egé%ressions for amplitude fluctuations have been
evaluated in the cases of focusing the laser beam at infinity (collimated beam) and

" at the receiver. "These reiults should presumably be better descriptions of the ex-
perimental situation than are the plane and spherical wave approxmlatlons The
proposed experiments will establish just how important the dlfferences among these
theories really are

(1) V. L Tatarski, Wave Propagation in a Turbulent Medlum McGraw Hill, N. Y.,
...1961, tranglated by R. A, Sllverman

() H: Hodara Proc. IEEE, vol. 54, March 19686, p. 368

(3). R. A. Schmeltzer Quart Appl Math. , vol. XXIV no. ‘4, 1967, p. 339.

4) R. R. Horning, T. J. Gilmartin, and W. E. Adams, Paper FAl4 presented
at Sprmg Meeting, OSA, Columbus Chio, April 1967

(5) R. E. Hufnagel and N. R. Stanley, J. Opt Soc: Am. , vol. 54, no. 1, 1964,
p. 52,

(6) J. L Davis, Applied Optics, vol. 5, no. 1, 1966 p. 139,

(7) P. Beckmann, Radio Science, vol. 69D, no. 4, 1965, p. 629.

(8} A. Consortini, L. Ronchi, Am. M. Scheggi, and G. Toraldo De Francis,
Alta Frequenza, vol. 178K, 1963, p. 790.
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It has frequently been stated that, to meet near future (1970-1980) interplanetary
communication requirements, it would be necessary to develop information capaci-
ties greater than 107 bits per second. 1) Because of its high radiant intensity,
laser communication system can achieve wide information bandwidths at great

range. Since these ultimate advantages apply at extreme ranges, the potential of
laser communication, and aitendant developmental expériments, should be considered
and evaluated in a planetary mission context. Clearly, it is desirable to conduct
tests in Earth orbit which can be interpreted in the context of planetary mission
applications.

(9) G. B. Parrent, Jr., R. A. Shore, and T. J. Skinner, J. Math. Phys., vol. 3,
no. 4, 1962, p. 678

(10) M. J. Beran, Stanford University Report SU-SEL-65-086, 1965.

(11) T. L. Ho and M. J. Beran, Paper FB 13, presented at the OSA Meeting,
Columbus, Chio, April 1967.
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United States House of Representatives, Eighty-ninth Congress, February 23
24, 25, and 28 through March 1, 2, 3, 7, and 8, 1966, Part 4, p. 97.

A, J. Kelley, "NASA‘S New Elecironic Research Cenier," Astronautics and.
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Reference @2} derives the transmission eguations for both heterodyne and direect
detection optical commmunication shown in figure 9. 6. 1. 1~1. For the ideal case of
low background and diffraction-limited operation (k = 1), the heterodyne and the
direct detection expressions only differ in performance by a factor of 4 (8 dB).
Thus, if the arriving signal power iz sufficiently larger than the total collected
ha,ckground power (upper right-band portion of figure 9. 6. 1. 1-1), the simplest,
most reliable, and cheapest communication system will be the large aperture
direct detection system.

A heterodyne detection receiver will oulperform direct systems whenever the 8/N x
Af reguirement is low and background levels are not negligible (lower left portion of
figure 9. 6.1.1-1). Deterioration of the direct system (the change to steeper siope
in figure 9, 6.1.1-1) can ?ae postponed through narrow-band, low-loss filters as indi-~
cated on curve B for a 2 & filter. However, ag a general conclusmn, the heterodyne
system seems inherently superior: (a) for beacon tracking in the presence of earih-
shine, or {(b) for low data-rate, long-range communication links.

For comparable receiving aperiures, heterodyne detection appears to offer certain
advaniages; namely, relaxation of the strict optical filter bandwidth since the signal:
to~noise ratio is not a function of the background level. However, the effects of
atmospheric turbulence serve to limit the effective receiving aperture for heterody:
detection, This compromises its expected advantages. Consequently, this experi~
ment is needed {0 provide realistic experimental evidence for evaluation.of the two
detection techniques.

The curves also indicate that the performance of either kind of communication link
depends very strongly on the choice of operaiing wavelength. Almost every paramef
is wavelength dependent: quantum efficiency, %,; fransmitted solid angle, 8 and
most especially the laser {ransmitter efficiency, Ny Furthermore, for heterodyne
systems, receiving aperfure diameter, Dy, is wavelength dependent because the
atmospheric fransverse coherence length depends on wavelength, I is imporiant fo
note that the transverse coherence length has not been determined for the 10. 6~micron
wavelength, For this comparison, it hasg been assumed to scale from the visible as
2875, The promise of the highly efficient CO3~Ng laser (10, 6 microns) is clear
from this comparison. If large coherent collector apertures can be used at 10,6
miorons, its efficacy will be clearly established. Fluctuations in angle of arrival
can be measured and separated from scintillation in order o defermine the effects
of each. Measurements of pulse distortion and polarization fluctuation can be made.
In addition, the optical phase noise over a long vertical path can be determined if
sufficient frequency stability of transmitter and local ogeillator lasers can be ob-
tained. These effects will be established ag funci:mns of weather conditions and
wavelength.

(22) Optical Technology Apollo Extension System, Part I, Final Technical Report,
Volume I, Chrysler Corporation Space Division, October 21. 1966.
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9.6.1,2 Experiment Degign

Experiments to be conducted with the heterodyne system will include communication
at wide handwidths {paragraph 9. 6, 1.1} and measurements to determine the polari-
zation, scintillation, and phase effects introduced by the atmosphere (section 9. 1).
To this end, statistical data will be gathered over long periods of time and corre-
lated with atmospheric conditions. The system parameters to be recorded will in~
clude transmitted power, received power, bandwidth, and mgnal-tmnmse ratio,
These experiments will be made usipg several Wavelengths of llght energy to evaluate
system performandé’ over as much of i;he o;}ﬁlcal spectram as is feaszbie.

The heterodyne technique provides a unique mgnal d@tectmn capability uqder ‘condi-
tions of high background illumination. Thus, a heterodyne detection optical ¢ommun-
ication system will be particularly valuable where the transmitter may be located in

a high.radiance background. The transmitter signal is modulated with the information
to be communicated, Tn the receiver this composite szgnal is compareé with a local
oscillator operatmg at the {ransmitter frequency. The d1ffexence frequency isa
reconstruction of the modilated information, For this reason the transmitier laser
should operate at a stable frequency. Iis ouiput will be spatiaﬂy and temporally
coherent and linearly polarized.,- )

The heterodyne detection system recommended for OTAES will be composed of two
commmnication links: space~—t0~ground and ground-to-space. The sp"aceborne frans-
mitter will have a smgle frequency laser, a wide bapdwidth madulator secondary
optics, and a prima¥y mirror to form the transmitted beam. The modulator must
+be capable of wide bandwidth performancée and must not distort the spatial coherence
of the beam. The output optics must be diffraction~limited in their performance o
assure that the output energy density will be maximum at the ground receiver:

The ground-based receiver will consist of a receiving aperture, secondary opties, -
and a duplex heterodyne detector. The energy received will be circularly polarized
light, The duplex receiver will provide .a capability for detecting both'vertically afi
horizontally polarized hght The local ogcillator laser beam will be mixed, with.the-
incoming signal and be detected, in accordance with the transmitier frequency, by
either photomultipliers or cooled semiconductor detectors. The detector output will
be a function of the diffarence fracmanew

The pertormance ot this space-to-ground system is affected not only by the efficiency
of the transmitting lasers, but also by the efficiency of the detectors on the ground,

In the'visible wavelengths, photomultipliers will provide reasonable efficiency plus
gainthrough the multiplier sections, raising the output level above the thermal

noise level of the electronic system. In the infrared region, photomultipliers are
not available, and diode delection.or photocdonductive detectors will be required. The
output of these detectors will not have the benefit of photomultiplication, and their
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output level may be considerably lower than the thermal noise level at the input of
the electronics. One advantage of the heterodyne technique is.its ability to raise
the received signal to a level above thermal noise.

Input power on the spacecraft is limited, and this. will limit the maximum output
power for some types of lasers. It is planned to use two wavelengths in the space-
craft transmitter. These will be helium neon at 0.6328 micron and Ng-C Og at 10.6
microns. The expected laser output power that can be obtained in the spacecraft
will be in the order of 10 milliwatts at 0. 6328 micron and one watt at 10, 6 microns,
All power not transmitted will be dissipated as heat. Provision will be made for the
conduction or radiation of this heat from the exterior surface of the laser assembly
to'the exterlor of the spacecraft for radiation to space.

The principal environmental hazards to the proper operation of the heterodyne link
are atmosphere and vibration. Although the heterodyne system is not affected by
background illumination, the transmitter and receiver apertures must not be pointed
to within 10° of the sun since the solar energy collected will create a temperature

in excess of 500°C at the focal point, even for a 15~cm stopped aperture.

For a heterodyne system, fransmission of the optical heam through the atmosphere

is of special concern. Lateral spatial coherence of the beam is restricted to ap-
prox1mate1y 15 to 25 em in the visible spectrum under normal conditions, due to
turbulence in the atmosphere .Use of the receiving aperture larger than this coher-
ence diameter will cause a reduction in the tofal received gsignal because of destructive
interference between out-of-phase components. Furthermore, atmospheric constit-
uents and impurities will attenuate the signal. Measurement of the system performance
will be correlated with the atmogpheric conditions to determine the proportion of

signal] degradation due to each separable characteristic.

The requirement for a temporal and spatial coherence of the beam places serious .
constramts on the allowable magnitude of vibration in the spacecraft. The structural
assembly and alignment of components must be adequate to assure diffraction-
11m1ted performance of the beam while the necessary attitude control devices are
operatmg. It must be emphasized that the diffraction-limited performance require-
ment ig fmposed to obtain a maximum energy density in the transmitted or received
beam Any disturbances such as vibration or shock that will cause optical misalign-
ment will reduce the energy density.of the beam., c

- The operation of the 'spaceborne equipment will be remote-controlled, and will con-
sist of turning on and turning off appropriate lasers and the associated frequency
stabilization circuitry, turning on and off the modulator, and selectmg the several
signal sources to be used with the modulator. Control of the transmitting optics
will be handled through the telescope control. Although the laser will be designed to
to be automatically tuned and adjusted, remote adjustment of the laser cavity may
be required.
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9.6.1, 3 Measurement Objective

A space—tc-ground link will be established. The ground-based receiver, will nse both
optical heterodyne and direct detection of the signal fransmitted from the spacecraft
The spacecraft may transmit two laser wavelengths simultaneously, and they will
both be 'orocessed through the same ground receiving telescope aperture

Sevex_'al peram'eter's will be measured at each receiver. They are:
a." ‘amplitude fluctuation of the heterodyne signals;
b, " intensity fluctuation of the direct signals (total received energy fluctuation);
¢. frequency (or phase) ﬂuctcet@ons in the heterodyne gignals;
d. 'i'eceiving aperture size and field of view;

¢.” -atmeéspheric conditions such as temperature profile, winds aloft, haze
conditions.

\Thege-parameters cah bé combined to give further resilts:

‘a, -~ heterodyne mixing efficiency: the degradation of heterodyne efflclency can
‘be found by normallzmg the instantaneous heterodvne sisnal to the fotal
* received power level;

'b. polarization fluctuation: since each direét and each heterodyne recelver
" " ig’sensitive to orthogonal polarlzatlons, any d1fferent1a1 treatment by the
atmosphere can be: detected.

Several important kinds of experiments can be carried cut: with the optical heterodyne
“receivérs in the satellite and on the ground. They are:

a.. ‘Atmospheric effects measurements, This grouio of experiments is designed
to determine the atmosphere properties that significantly affect sbdc_e:to—
ground laser communication links, These are experiments that can only be

' made from a satellite vehicle that is well above the Earth's atmospher:
and moving at angular rates slow enough to simulate those that will be
encountered on interplenetary probe missions. The obJectlve is.to deters~

» mine experimentally the types and rates of modulation that the atmosphere
- will support. Heterodyne receivers at the spaceeraft will measure
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(1) Scintillation in received signal amplitude. Predictions have been
made (49) that the power spectra of amplitude scintillation observed
from a satellite will be larger and peaked at higher frequencies
than that observed at the ground, Verification of theoretical predic-
tions will establish the useful bounds on fade rates for an optical
up-link,

(2) Fluctuations in optical phase on a coherent signal passing through the
entire atmosphere. The magnitude and rate of such phase fluctuations
will establish the usefulness of optical FM modulation for communi-
cation. The frequency, or phase stability of the spacecraft local
oscﬂlator may not be good enough to permit definitive measurements
to be made except when acoustic disturbances aboard the vehicle are
absent,

(3) Polarization fluctuation. The spacecraft heterodyne receivers éan
detect any differential in amplitude or phase fluctuations between
orthogonally polarized input beams. Correlation between any of the
fluctuations in the two channels will allow estimates of atmospheric
depolarizing effects to be made after normalizing to correct for -
scintillation effects.

Each of these measurements can be carried out in the visible and in the
infrared regions to obtain the wavelength dependence of these- effects,

Heterodyne receivers on the ground will measure:

4y Angle-of-arrival fluctuations. The extremely narrow neamwiatn
‘of a heterodyne receiver makes it useful for detecting small chang
in angle of arrival of a signal from the spacecraft. The fluctuations
in receiver ouiput due to angle of arrival cannot be separated from
those due to amplitude scintillation. A second detector with a wider
field of view is necessary to separate the effects. When this is-
doné, the fade rates for ground-based heterodyne sysiems of vary-
ing beamwidths can be measured.,

w, ruase fluctuations on the received signal. The phase noise gener-
atad hw the atmosphere on the downlink can be measured when both
ecraft transmitter and the local oscillator on the ground
turbed by external vibrations.

(23) R. J. Munick, "Turbulence-Produced Irradiance Fluctuations in Ground—to:
Satellite Light Beams,'" NAA--Space & Information Systems Division, Repc
No. SID 64-2222, December 28, 1964.
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(6) Polarization fluctuations. These ground-based measurements
will be made in the same way as done aboard the spacecraft

(7) Wavelength dependence of receiver diameter. The effective
collecting area of an optical heterodyne receiver can be mea-
sured as a function of wavelength over the range from visible
(0. 6328 micron) to the far infrared (10. 6 microns). These ex-
periments will determine whether the gain in system performance

-that is predicted for the infrared system can be achieyed.

p. - uptical communications experiments. This group of experiments will test
alternative modulation te€chniques, with the objective of testing their capa-
bility for communication with 10-MHz bandwidths over a space-to-ground
link.

9.6,1.4 Equipment Design

The block diagram of the equipment required for the Optical Heterodyne Detection

on Earth experiment is shown in figure 9.6.1.4-1, It consists of (a) a dual 0, 6328-
micron multimode laser, with its power supply, mode stabilization controls, and
automatic frequency control; (b) electro-optic modulator with the modulator driver,
power supply, and signal source; and (c) telescope, including secondary optics,
beam deflection subsystem, and pointing and trackmg controls. The ground receiver
will be made up of the following Subsystems: a) ground telescope, including its
secondary optics, beam deflection subsystem, and pointing and tracking controls;

b) dichroic mirror; c) optlcal filter; and d) duplex heterodyne receiver,

More detailed block diagrams of the spaceborne equipment, and the optical layout,
are shown in figures 9.6.1.4-2, 9.6.1,4-3, 9.6.1.4-4, 9.6.1.4-5, and 9.6.1.4-8
for the three laser telescopes.

9.6.1. 4. 1 Spaceborne Transmitting System

The requirements for spaceborne transmifters in the heterodyne detection case are
more severe than for-the direct detection case. A heterodyne receiver with its
narrow inherent bandwidth must have a single-frequency transmltter or, as is
proposed here, it must.use only one of the several frequencies that a fransmitter
laser may be generating as its signal source. In addition, the frequency stability
of the transmitter lager is most important, whether it be a multimode or a single-
frequency laser..

The spaceborne transmitter system, which will consist of multifrequency laser
transmitters at 0. 6328 microns and a single frequency laser at 10. 6 microns will
be capable of broadcasting at these two optical frequencies simultaneously, so that -
comparison of the effects of the atmosphere on these two wavelengths could be made
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simultaneously at the ground receiver station. The selection, of radiating wavelengths
and their frequency offset from line center in the case of the mode-coupled multi~
frequency laser will be controlled by a radio command from the ground station.

Clrcularly polarized radiation will be transmitted to allow any atmospheric depolar-
izing effects to be detected. )

Each of the spacecraft transmitter lasers can be expected to drift in frequency at
rates of a few megahertz per minute because of thermal changes alone. These slow
drifts a_re caused by expansion or contraction in the supports that separate the
cavity mitrors. Good mechanical and thermal design can minimize, but can never
eliminate, these motions in the presence of diurnal heat input fluctuations and the
turning on and off of other equipment.

In addition, there are more rapid disturbances to be contended with because of
acoustic vibrations carried to the laser structure from other parts of the space-
craft Mechanical actuators, gyros, reaction jet valves, transformers, ete,, all
can generate disturbances at audio and ultrasomc frequencies, causing frequency
jitter in the transmltter 1asers if they are not compensated

For these reasons, various laser stablhzatlon technigues must be used. In the case
of the hehum—neon laser at 0. 6328 micron, the FM laser technique can be used to
stabilize the’ output frequency to a point near the laser line center. (24, 25) m the
case of the carbon dioxide laser at 10. 6 microns the inherent linewidth of the carhor
diokide fluorescence is only about 50 MHz, and the laser will operate at a single
frequeney without the necessity for mode—couplmg schemes. It will, however, need
to be stabﬂlzed near line center to keep the ouiput at full power, and to keep acous-
t1ca11y 1nduced irequency jitter in the transmitter from showing up as a spurious
SIgnal in a heterodyne ground receiver.

Recent experimental results at Sylvania (26) using super-mode and FM laser tech-
niques have indicated the use of a multimode FM laser for the 0. 6328-micron He-1
optical heterodyne experiments. Two alternatives which, at first, appear more
efficient (convertlng most of the available power of a multimode laser to single
frequency) have ‘been rejected: (a) a frequency selective etalon output coupler with. .

(24) S. BE. Harris, M. K, Oshman, B. J. McMurtry, E. O. Ammann, "Proposed
-+ Frequency Stablllzatmn of the FM Laser, ' Appl. Phys Lett., vol. 7, no, 7,
October 1,-1965, p. 185, '

(25) S. E. Harris and B. J. McMurtry, "Frequency Selective Coupling to the FM
Laser," Appl. Phys. Leit., vol. 7, no. 10, November 15, 1964,

(26) R. Targ et al., "Techhiques for Super-Mode Oscillation,' Interim Engineering
Report Nos, 4, 5, and 6, 1 March 1966 -*31 December 1966. Contract No.

AT 33(615)-2884,
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an internal FM modulator or (b) an external super-mode modulator with the internal
‘mode coupling modulator. The first technique (etalon output couplmg), although '
experimentally demonstrated to give about 50 per cent of *the available energy at a
single frequency has been discovered to be subject to some very unatiractive insta-
bilities. The technique is sensitive to the level of laser power coupled out aswell
as the level of internal phase modulation. Also, acoustic' v1brat10ns of the output
etalon were shown to induce AM fluctuations which could only be compensated for by
a high frequency response servo system. The super-mode approach has been ex-
perimentally demonsirated as a superior technique to obtain single-frequency
operation. However, this technique requires an additional external phase modu-
lator which must be driven at a modulation index equal and opposite in phase to the
internal ¥M modulator: The additional spacecraft hardware involved with smgle—
frequency operation is to be avoided where possible.

Therefore, the following approach has been taken in selecting 0. 6328-micron He-N
transmitters for the optical heterodyne experiments. First, the spacecraft lasers,
normally multimode lasers, will be operated as FM lasers when used as hef;erodyn
transmitters. FM operation or mode-coupling by an mternal optical phase modu1a1
greatly reduces the low-frequency amplitude modulation noise as well as the hl%’h
frequency beat signals associated with the free-running modes. In fact, Targ( 6)
has measured a 20 dB AM noise reduction and a 30-40 dB suppression for the high-
frequency beat signals in an FM laser. * Since the video signal used in the heterodyr
downlink has an information bandwidth considerably léss than the laser intermode-
frequency spacing, the FM laser should be a sufficiently quiet transmitter, Single side-
band FM laser output power, although less than the multimode laser by approximatel,
1/n where n isthe number of free-running modes, is still adequate for high signal-
noise link performance. The ground heterodyne transmitter has considerably more
design flexibility and the super-mode technique is used to both convert the multimos
oufput to a single frequency and simultaneously stabilize the output frequency to a
point near the center of the fluorescence line.

The optical configuration of a frequency-stabilized, multimode, FM laser is shown
in figure 9.6.1.4.1-1. The resonant cavity of the laser system is formed by an
opaque mirror at one end and a highly reflective mirror at the other end. Inside
the cavity formed by the mirrors is a laser tube that provides gain, and 2 phase
modulator that is made of a material such as KDP, which has a high electro—optw
coefficient. When the phase modulator is driven w11:h a frequency that is very near
to the frequency spacing between the axial modes of the laser itself, the modes be-
come coupled together and are converted from independent free- running oscillations
into mutually dependent, coupled oscillations at nearly the same optical frequencies
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The amplitude and phase of each of the previously independent oscillations is altered
by the presence of significant coupling between the modes, so that the Iaser modes

become sidebands of a single, coherent signal. Both AM and FM coupling have been
observed. (&7,28)

The FM mode coupled, or "FM laser,' has an additional advantage, however: the
light inside the cavity is effectively frequency-modulated at a rate controlled by the
intracavity phase modulator, and the amount of AM distortion on this signal strongly
depends on the optical frequency difference between the center of the FM mode pat-
téern and the center of the fluorescence line. This dependence can be used to measure
the absolute frequency drift of the mode pattern, and thus the drif in the cavity mirror
separation, and to provide an error signal to correct driff or jitter as it oceurs. An
FM laser can thus be stabilized to line center without the need for "dithering" the out-
put to get an error signal.

Féedbaek control systems are needed in order to operate the laser in this way. Tbk~
Taser AFC Subsystem monitors the AM distortion on the FM light within the laser
cavity and adjusts the cavity length fo the correct value. This is accomplished by
moving one end mirror (the single end mirror) with a piezoeleciric transducer. In
thlS fashion the spectrum of oscillating modes can be placed on the center of the
resonance fluorescence line of the laser.

9.6,1.4.2 Ground Receiver

The heterodyne ground receiver system will have its useful collecting aperture diam-
eter limited by atmospheric turbulence effects, as discussed in paragraph 9, 1.3, 4,(29,30)
The atmosphere produces random phase variations on the order of #/2 or more between
optical paths separated from each other by no more than a few inches, during usual

clear weather conditions. For this reason, a 0. 6328-micron heterodyne receiver
1mmersed in the atmosphere will have a useful collector only 15 to 25 ¢m in diameter.

It 1s anticipated that a larger diameter could be used in the far infrared at the 10-

m1_gr0n band, but this remains to be experimentally verified.

(27) S. E. Harris and O. P. McDuff, "FM Laser Oscillation--Theory, " Appl Phys.
Lett., vol. 5, no. 10, November 15, 1964,

(28) E. O. Ammann, B. J. McMurtry, and M. K. Oshman, "Detailed Experiments
on He-Ne FM Lasers," IEEE Journal of Quantum Electronics, vol. QE-1,
no. 6, September 1965.°

(29) Goldstein, Chabot, and Miles, "Heterodyne Measurements of Light Propaga-
tion through Atmospheric Turbulence,' Proc. IEEE, vol. 53, no. 9, September
1965, pp. 1172-1180.

(30} D. L. Fried, "Optical Heterodyne Detection of an Atmospherically Distorted
Signal Wave Front," Proceedings of the Conference on Atmospheric Limitations
to Optical Propagation, National Bureau of Standards, Boulder, Colo. , 1965.
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The ground heterodyne receiver system will use a collecting aperture, which, for
purposes of finding the dependence of receiver diameter on atmospheric conditions,
will be 1. 0-meter in diameter. The full aperture of this gystem would not be
effectively used at short wavelengths or perhaps under poor conditions, but it will
provide an aperture large enough to make tests of the atmospheric turbulence wave-
length dependence. A set of two laser heterodyne receivers will be mounted near
the focus of the optical system, and a set of dichroic mirrors or prisms will be used
to separate the incoming wavelengths and direct them to their respective heterodyne
receivers. The operating wavelengths will be at 0. 6328 micron and 10. 6 microns.
The instantaneous field of view of each receiver system could be as small as the dif-
fraction limit of the receiver aperture, which, for the case of visible radiation, is
on the order of 0.2 second of arc, but this narrow a field of view would not be usable
in general because of the atmospherically induced variations in angle of arrival of the
signal 2s seen by the receiver.

The receiver must either: (a) track the incoming signal in angle; or (b) operate with
a largér instantaneous field of view and operate with some sacrifice in sensitivity.

The latter method will be used. The field of view can be increased over the diffraction
limit by deliberately spreading the local oscillator beam so that mixing takes place -
over a larger angle. This is fully eguivalent to masking the aperture size down to

that having an equal diffraction-limited angular resolution.

The heterodyne receiver configuration is shown in figure 9. 6.1.4.2-1. The received
circularly polarized energy is divided by dichroic beam splitters and sent to the
appropriate receiver units, Within each unit, the received energy is prefiltered and
then analyzed by a quarter-wave plate, which converts right or left circularly-
polarized input radiation into orthogonal plane polarized beams. These are then
separated by a polarization-sensitive prism and sent to one of two basic heterodyne
receivers. Both basic receivers are fed by the same laser local oscillator, but

are sensitive to opposite polarizations. This configuration is called a polarization
diversity optical heterodyne receiver. It is capable of processing the two polarization
channels simultaneously. The local oscillator's power is divided equally by a beam
splitter between the two channels. The beams are superimposed at the two mixer
beam splitters. Their directions and phase fronts are matched so that they will beat
coherently to produce a signal at their difference frequency at the output of the de-
tector. This is then amplified by the IF amplifiers. '

Each of-the polarization channels uses two detectors in a balanced mixer configuration.
The signals from the two detectors are out of phase because of the phase reversal
produced on the light by reflection at the beam splitter. One of the legs of the circuit
has an inverter that restores the signal to its correct polarity. Then it is added to

the signal from the other leg, and a heterodyne signal of full amplitude is obtained
without wasting any of the incoming signal light or any of the local -oscillator power.
This basic configuration is used for heterodyne reception at each wavelength. The
details of the implementation will differ, particularly in the case of the detectors that
at longer wavelengths require cooling and the attendant cooling equipment.
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The frequency of the laser local oscillator must be stabilized to a fixed frequency
offset from the frequency of the optical signal being received. The difference fre-
quency to be detected must lie within the bandpass of the photodetector. In the visible
and near infrared spectrum, there are available broadband detectors (31,32) hat
permit the laser local oscillator to operate as far as 3 GHz away from the frequency
of the incoming signal. A second electronic conversion with a tracking local oseil-
lator can always move the signal to a convenient intermediate frequency, At 10.6
microns, the available detectors have bandwidths in excess of 400 MHz.

9.6.1.4.3 Equipment Required

The Optical Heterodyne Detection on Earth Experiment equipment list follows. The
spaceborne equipment can be operated from either the astronaut console (left panels,
figure 9. 6.1,4.3-1) or the ground station (console no. 3, figure 9, 6.1.4, 3-2),

SPACEBORNE EQUIPMENT

a, DUAL 0.6328-MICRON LASER TRANSMITTER ASSEMBLY (Only one laser
activated for experiment)

Wt. - 80lbs, L-36in, W -12in. H - 10in.

No. 1 --0.6328-MICRON LASER TRANSMITTER (FM OPERATION)

He-Ne Laser

Internal Cavity Modulator

Internal Cavity Modulator Driver Amplifier
Pupil Matching Optics

Beamsplitter

Stabilization Circuit Photodetector /Preamplifier

No. 2 -- 0.6328-MICRON LASER TRANSMITTER (FM OPERATION)

He-Ne Laser

Internal Cavity Modulator

Internal Cavity Modulator Driver Amplifier
Pupil Matching Optics

Beamsplitter

Stabilization Circuit Photodetector /Preamplifier

(31) M. B. Fisher, "A Multiplier Travelling Wave Phototube, " presented at the
Conference on Electron Device Research, University of Illinois, Urbana, IIl.,
June 23, 1965 (to be published).

(32) L. K. Anderson, L. A. D'Asaro, and A. Goetzberger, "Microwave Photo-
diodes Exhibiting Microplasma--Free Carrier Multiplication," Appl. Phys.
Lett., vol, 6, no, 4, February 15, 1965.
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Figure 9.6.1.4.3-1. Mockup of Interior of LM/OTAES Spacecraft.
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EQUIPMENT SHARED BY 0. 6328-MICRON LASERS NO. 1 & 2

Flip Mirror (2 Position)

Ouiput Power Monitor

Main Control and Power Circuits

Cavity Tuning Control and Frequency Stabilization Circuits
Internal Modulator Control and Power Circuits

VIDEO MODULATOR SUBASSEMBLY

Modulator

Modulator Control and Power Circuits
Modulator Driver Amplifier

Signal Generator or Encoder
Photodetector and Preamplifier
Signal Comparator

Flip Mirror

10; 6-MICRON LASER TRANSMITTER ASSEMBLY

Wt. - 601lbs. L - 32 in. Dia. - 18 in.
%
COy Laser (Single-Frequency)
Laser Control and Power Circuits
Cavity Tuning Control and Frequency Stabilization Circuits
Stabilization Circuit Photodetector and Preamplifier
Thermo-Electric Cooler (Optional)
Beam Splitter
Pupil Matching Telescope
Cuiput Power Monitor

VIDEO MODULATOR SUBASSEMBLY

Modulator

Modulator Control and Power Circuits

Modulator Driver Amplifier

Signal Generator or Encoder (maybe shared with telescope #1)
Photodetector and Preamplifier

Signal Comparator

Flip Mirror
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BACK-UP 0. 6328 MICRON LASER TRANSMITTER ASSEMBLY
Wt. - 50 Ibs. L - 36 in. Dia. - 6 in.

He-Ne Laser (FM Operation)

Main Control and Power Circuits

Cavity Tuning Contr{al and Frequency Stabilization Circuits
Stabilization Circuit Photodetector and Preamplifier
Internal Cavity Modulator

Internal Cavity Modulator Driver Amplifier

Internal Modulator Control and Power Circuits

Output Power MonitoT

Beamsplltter

Pupil Matchmg Te}.escope

VIDEQ MODULATOR SUBASSEMBLY

Modulator

Modulator Control and Power Circuits

Modulator Driver  Amplifier

.Signal Generator or Encoder (maybe shared with telescope #1)
Photodetector and Preamplifier

Signal Comparator

Flip Mirror

SIGNAL WAVEFORM'ANALYZER/DISPLAY UNIT
. . TELEMETRY SIGNAL CONDITIONER CIRCUITS

1.0-METER TRANSMITTING TELESCOPE WITH BEAM
COMBINING OPTICS

0. 3 METER STRAP ON TRANSMITTING TELESCOPE FOR 10.t
MICRON LASER WITH ,BEAM COMBINING OPTI(

0. 3- METER SEPARATELY GIMBALLED TRANSMITTING TELESCOPE
WITH SUITABLE BEAM COMBINING OPTICS
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GROUND BASED EQUIPMENT

a. 0.6328 MICRON AND 10.6 MICRON DUPLEX HETERODYNE RECEIVERS

He-Ne (Single-Frequency) and COy (Single-Frequency) Laser
(2) Narrow-band Interference Filters

(2) Quarter-Wave Plate and Polarization Compensator

(2) Polarization Analyzer/Optical Mixer Subassembly

(2) Shutters

(2) 4 Wideband Photodetectors

(2) Photodetector Control and Power Circuits

(2) ‘Signal Processing and Demodulation Cirecuits

(2) Laser Control and Power Circuits

(2) Cavity Tuning Control and Frequency Stabilization Circuits
(2) Automatic Frequency Control Circuits

{(2) Power Monitor

(1) Dichroic Beam Splitter

b. I1.0-METER RECEIVING TELESCOPE WITH SUITABLE BEAM
COMBEBINING OPTICS

c. EXPERIMENT CONTROL, SEQUENCING, AND MEASUREMENTS
SYSTEM

Signal Processing Circuits
Telemetry Storage/Computation Facilities
Heterodyne Downlink Control/Display Console

Recent developments in 10. 6-micron detector and modulator technology have con-
siderably enhanced the bandwidth capability of COy laser optical communication
systems. Detectors sensitive at 10. 6 microns with bandwidths in excess of 100 MHz
have been demonstrated. Yardley and Moore (33) using a special high-frequency dewar
construction, measured a Ge:Cu detector frequency response of 100 MHz at 3. 39
microns by 'detecting the mode beats of a He-Ne laser. Additional measurements by
Picus (®4) have shown a compensated Ge:Hg detector with flat frequency response to
450 MHz at 3.39 microns and a Ge:Cu flat to 286 MHz. Although these detectors
have spectral responsivity at 10. 6 microns which is actually higher than at 3.39 mi-
crons, the measurements were performed at 3, 39 microns because high-frequency
modulation sources were not available at the longer wavelength. More recently,

(33) J. T. Yardley and C. B. Moore, "Response Times of Ge:Cu Infrared
Detectors," Appl. Phys. Lett. vol. 7, December 1, 1965, pp. 311-312,

(34) G. 8. Picus, Hughes Research Laboratory, Interim Technical Report No. 2,
Contract No. AF 33(615)~3847.
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Verie and Ayas {°?) have developed p-n junction Cdy Hgq_y Te photovoltaic detectors
and measured their performance at 10. 6 microns by observing the mode beats on

the continuous output of a low-power COy laser. A frequency response, possibly
limited by the oscilloscope used, of 26 MHz was observed. The j?.nction devices
were operated at 77°K with D* from 1 to 5 x 109 em - W-1 - Hz:L 2 in the range 3-14
microns.

Modulator development for the 10. 6 micron COy laser has also progressed at a rapid
rate. Walsh (36) has constructed GaAs electro-optic modulators and obtained 2 modu-
lation depth of 70 per cent at 10. 6 microns using a peak applied voltage of 600 volis.

A modulation bandwidth of about 100 MHz is quoted for a commerecial unit. (37) An
experimental program currently in progress at Sylvania (38) using 2 GaAs modulator
at 10. 6 microns will also measure GaAs modulator properties.

The 10. 6-micron link represents the highest degree of technical risk in this experi-
ment. No element of such a link has been space tested. Very few transmigsion
materials are available and those refractive elements which have been tested have
proven difficult to fabricate. Although the 10. 6-micron link has the greatest potential
for deep space application, from the standpoint of reliability, the Heterodyne Detec-

tion on Earth experiment has been designed to rely most heavily on the 0. 6328~
m'?n'r!nh 'Hhk.

Thus, from an experiment viewpoint the critical element is the He-Ne link. At -
0. 6328 microns all necessary components and their coatings are adequately devel-
oped and, in the case of optical elements and beam splitters, have already heen
proven in space. Optical heterodyne links have been demonstrated under field con-
ditions on earth, (34_:) Only the laser, the moduiator, and the heterodyne technique
itself now require space qualification testing.

A technology plan is advocated herein which would test these components, and a
rudimentary heterodyne space-to-ground link, in an early, piggyback experiment.
Such a procedure, and the preceding development efforts which it implies, would
serve to eliminate much of the risk associated with the 0.6328 micron portion of this
experiment, If appears that the highest element of risk for both laser wavelengths
may be the frequency stability of the lasers in both transmitters and receivers, a

(35) C. Verie and J. Ayas, "Cd, Hgq ., Te Infrared Photovoltaic Detectors, "
Appl. Phys. Leti. vol. 10, May 1, 1967, pp. 241-243,

{36) T. E. Walsh, "Gallium-Arsenide Electro-Optic Modulators,” RCA Review,
September 1966, pp. 323-335. )

(37) RCA data sheet describing Type J2036V1 Infrared Electro-Optic Modulator,

(88) R. Targ, D. E. Caddes, and P. J. Titterton, "Techniques for Super-Mode ]
Oscillation, " Interim Engineering Report No. 7, January 1, 1967 to March 31,
1967. Contract No., AF 33(615)-2884.
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deficiency which could be partially solved through acoustic decoupling from their
surroundings.

9.6,1.,5 Data Management

A block diagram of the signal processing system following the photodetectors is
shown in figure 9.6.1.5-1. The IF signal from each balanced photomixer pair is
amplified at the IF frequency. The AGC circuit compensates for large changes i
received signal-strength. The IF signals from the two channels are processed ir
-several ways,- depending on the type of experiment being performed.

‘. imiter-discriminator combination is sensitive to optical frequency
modulation, and is also used to control the frequency of the laser local
oscillator to the desired fixed offset. The frequency offsets due to
Doppler effects aboard the OTAES will not be large compared to those
obtained on an inter-planetary mission. Tt is therefore very difficult ’

ito simulate them on a stationary satellite-to-ground-station experi-
~ment. The ground receiver, however, should be capable of tracking
. Doppler shifts over a bandw1dth well above that required so that experl-
ments with different orbit configurations could be carried out.

b. A set of gated second detectors followed by a PCM demultiplexing syster
is used for digital transmission tests. It should be noted that if alter-
‘nate pulses of right and left circularly-polarized light are used, the
-received pulse will always be present in one channel or the other.

 c.. ‘A set of video bandwidth AM detectors are used for analog AM trans-
migsion tests and beat amplitude scintillation measurements. The
heterodyne receiver can also be used for angle of arrival fluctuation
measurements.

d. The polarization measurement technique shown involves taking the
difference in the photodetector output of the orthogonal components
("e' and "o rays) obtained from a polarization-sensitive prism,
Such a technique is valid only if the light beam input to the prism
has a constant value unless the difference is zero. Consequently,
the changes in polarization are to be measured and normalized by
considering the sum of the detector output as well as their differenc
to avoid this error,

No spacecrafi crew dlsplay of signals received by a ground-~based heterodyne r«
ceiver ig needed. However, the status of the stable laser transmitters will be
dlsplayed v1a (a) out—-of—tolerance warning lights for laser AFC circuits, (b)
laser output ppwer monitor via panel meters, and (¢) a CRT display of selectec
circuit test points.
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The equipments aboard the spacecraft that must be operated include:

a. a 0,8328-micron stabilized laser transmitter

b. a 10.6-micron stabilized laser transmitter

¢, either the 1, O-meter or the 0,3-meter telescope, in a transmit mode

d. the 0.3-meter strap-on telescope (no. 2) in transmit mode

e. a 0,4880-micron tracker for telescope no. 1 and/or no. 3

f. transmission monifors for telescope nos. 1, ‘2, 3

g. transmitter beam spread controls for telescope nos. 1, 2, 3

h. transmitter beam point-ahead controlis for telescope no. 1 and/or no. 3

i. transmitter optical attenuators for telescope no. 1 and/or no. 3

j. electro—optic video modulators for all telesc,épes

k. RF telémetry and beacon system
The astronaut can operate these equipments using the laser control panels (figures
9.6.1.5-2, 9.6,1.5-3, and 9. 6. 1.5-4). Alternatively, this experiment can be
operated from the ground OTTOS-OTAES Control Room (figure 9. 6.1, 5-5) using
consoles 1 and 3 (figures 9. 6.1.5-6 and 9.6.1,5~7). The OTTOS panels used to

operate experiment 1 are shown in figures 9. 6. 1, 5-8 through 9, 6.1.5-13,

9.6.1.5.1 Spacecraft Equipment Test and Checlkout

To assure satisfactory performance, the equipment alignment and tuning must be
optimized and periodically repeated. Alignment of the laser, modulator, and tele-
scope can be determined by operating the boresight error measurement equipment
on the control panel and determining the magnitude of this error. Adjustment of
alignment controls will be made to minimize the boresight error. Tuning of the
laser to obtain optimum efficiency will be done by adjusting the laser mirror con-
trols to maximize output power for fixed input power. Laser AFC circuits are
automatic in operation and require only recheck of status indicator lamp. Tele-
scope fine tracking functions are also automatic once they are initiated.
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.Several portions of the spacecraft equipment shown, in the laser telescope block ,
d1agrams(f1gures£&6142 9.6,1.4-3, 9.6,1,4-4, 9.6,1,4~5, and 9. 6.1, 4-6),
are used for checking out the spacecraft laser transmitters, as deseribed in the
previous. section, . The equipments used for checkout include, for each laser telescope:

,z'i. . ;.[‘rp,nsmission monitor, of both the averetge power level and the ;rideo
., signals modulated on the outgoing beams.
b, Laser input current and voltage meters.
¢.. Laser AFC circuits, with automatic out-of-limit status display indicators,
d.-” Laser Mode-Lock verification circuits, with panel indicators.
e ‘ .léc;resighting mirrot, with shutter,
f. Modulator and shutter for 0, 4880-micron tracker cahbratmn and balance,
g. Temperature sensors in the 1aser package and the electromc units.-
h. Oscilloscope display of all eritical electronic test points.
i. .Control and display panels for the laser transmitters in the crew

cabin area.

The checkout and operation of the laser transmitters is relatively .straightforward.. .
They can be effectively monitored and operated by ground control. The required
adjustments do not need special optical test fixtures, which might require a human
being to he present to set up and to interpret the results.

9.6. 1. 5 2 Ground Equlpment Test and Checkout

The ground-based equipment requu'ed for this experiment will include:
1;» the 1.. 0-meter apet'ture heterodyne receiving telescope
) . }':I‘Je'irtting antl positioning equipx-nent
3. 0.6328-micron and 10, 6-micron heterodyne receivers
i . ~;eeei\;ittg electronfcs and datet handling equipment

3.. control and display.consoles for receiving telescope, receivers, date
.. processing, and recording

Tae _:9.14880—1aser beacon transmitter
5.  microwave tracker to provide pointing information

1. spacecraff telemetry command and display
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The ground-based equipment will be checked for operability before the experiment

is begun, All'of the lasers (0.4880-micron beacon, 0, 6328-micron, and 10, 6“micron
local osecillators) will be turned on and thermally stabilized, and AFC circuits turned
on. Cryogenic cooling will be supplied to the 10. 6-micron heterodyne receiﬁérﬁ_"
Internal checking of the receiving electronics will be don€ by injecting an optical -
signal directly into the photodetectors and checking the output against the input for
gain and distortion: These functions will all be controlled from the ground station
control consoles. Signal processing electronics will be self-checked in a -similar
manner.

The beacon modulator will be operated with selected test signals, and the beacon
output will be measured. Pointing of the beacon will be done by using the inputs
from the RF tracking stations such as Goldstone, and the RF tracking equipment
at the optical ground site.

The 1.0-meter heterodyne receiving teleséope is pointed at the gpacecrait, using
the same pointing sighdal inputs. More accurate pointing will be done after the space-

craft signal is acquired by-the receiving telescope.

The RT telemeiry system will be checked for operational status at the spacecraft
status display and control console. ’

9, 6%, 5: 3" 'Experiment Performance

Radiosonde halloons will be released over a period of several hours priér to, and
during, -optical measurements, in order to record upper air conditions,” Local
meteorological conditions will be measured near the receiving telescope. When
there is no interference from clouds, the spacecraft will be commanded to acquire
the 0,4880~micron ground beacon, to begin fine tracking, and to transmit test
signals on the optical down links. The pointing of the ground receiver and the beacon
transmitter is updated, so that spacecraft and ground station are accurately illu-
minating each other, The modulation of the transmitter beamsg will be a selécted
narrow-band signal so that the receiver bandwidth may be narrowed accordingly,
giving a good signal-to-noise ratio for the reduced signal intensities obtainéd with
wide transmitter beamwidths.

As the pointing accuracy of the spacecraft is improved, the transmitter beam may
be narrowed in increments and link performance determined as a function of beam-
width and pointing performance requirements of the spaceborne transmitter. Fading
rate, signal dropoitts, and signal-to~noise ratios may be determined for various
bandwidths over extended periods of time. Various forms of modulation such as
amplitude, polarization, and frequency modulation may be accomplished on the
downlink by changing the operational mode of the modulators, at both the 0. 6328-
micron and 10, 6-micron wavelengths.
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The effective received coherence diameter will be measured over extended periods
of time by varying the telescope entrarce aperture diameter and measuring hetero-
dyne mixing efficiency. These data will be displayed at the heterodyne receiver
control console, and automatically recorded. Fluctuations in beam polarization
will be continually measured, and unexpected anomalies displayed and recorded.

Phase noise introduced by the atmosphere will be measured, and-selected portmns
of data will be recorded.

Many of these measured guantities may be varying at up'to 1 kHz. Extensive pre-
processing will be used before data are recorded. The magnitude of, and the
statistical distributions of, the data are the most important information. Raw dai
from the heterodyne receivers will be stored only while processing takes place, 3
then-erased. Anomalous, or out-of-limit, data will automatically be retained for
later analysis.

- The duration of the heterodyne detection on Earth experiment will be determined
primarily by weather -conditions, and secondarily by the conflicting needs of othex
experiments, such as the transfer of tracking from one ground station {o another.

-Data.should be taken over periods of several hours at a time, especially when we:
conditions are changing.

After the basic information on vertical-path propagation is built up, some further
tests:will be made. These include attenuating the transmitted beam at the space-
craft to simulate signals from planetary ranges, detection of signals under very
high background conditions, and comparison of varinns fvnes of madnlatinn and
coding formats.
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9.6.2 Opticul Heterodyne Tetection in Space

Eurth satellites have opened new areas of investigation in the atmospheric sciences.
One important aspect of optical propagation in a turbulent atmosphere (Section 9.1) .
is the behavior of a coherent laser beam trangmitted from the Earth's surface into-
space. Such a beacon signal could be extremely useful as: (a) a reference for space-
borne precision tracking and pointing devices (paragraphs 9.6.5, 9.6.6, and 9, 6. 7).
(b) an-optical communication uplink, and (c) a possible technique for planetary
atmosphere analysis. Yet, the character of such a beam is neither theoretically
described nor has it been measured. A spaceborne heterodyne receiver monitoring

a ground-based laser transmitter can measure both the amplitude and phase per-
turbations on the 'signal due to the atmospheric disturbance,

A coherent propagation link will be established from Earth to the OTAES spacecraft
(figure 9.6.2~1). Propagation theory indicates that a disturbance introduced in the
near field will cause perturbations which should differ significantly from those pro-
duced when an identical disturbance is introduced in the far field. At visible fre-
quencies, the atmosphere constitutes a'disturbance in the near field on the uplink
and inthe far field on the downlink, This experiment (paragraph 9. 6.2), when per:
formed in.conjunction.with the space-to-Earth experiment (paragraph 9. 6.1), can
‘provide .simultaneous up- and downlinks. Both direct and heterodyne optical receivérs
will be used aboard the spacecraft for comparison under a variety of atmospheric -
conditions. Such measurements would support the body of theoretical work which
attempts-to define, both qualitatively and quantitatively, the effects of a turbuleift
atmosphere-on the propagation of optical waves, and would develop the fundament:
basis for extrapolating the tracking and pointing experiments (paragraphs 9. 6.5,
9.6.6, and 9,6:7).

This experiment can only be usefully performed in space. Data must beﬁered
for a long enough {ime to permit meaningful statistical analysis and correlation with
gross measurables such as winds, temperature profiles, humidity, and seeing.
Measurements will be most valuable at small zenith angles where ground-based
measurements provide very limited data. Measurements from high altitude balloons
can give limited but useful preliminary results incorporating much, but notall, of
the sensible atmosphere in weather conditions suitable for balloon launching. Air-
craft tests are not feasible because of the high vibration and turbulence environment,
A comparison of heterodyne measurements made over the ground-to-space path with
those made in the opposite direction along the same path will aid in understanding the
detailed properties of the atmosphere and extend existing solutions of the turbulence
theory.

9.6.2.1 Justification

Atmospheric theory suggests that a narrow beam transmitted through the whole
atmosphere to an orbiting satellite may suffer severe breakup, or "tearing, !
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Propagation theory indicates that a distur-
bance introduced in the near field will caus
perturbations which should differ signifi-
cantly from those produced when ap identical
disturbance is introduced in the far field.
In horizontal testing, the laser beam has
been observed to take on a boiling appearanc
at ranges of a few hundred meters, and to
develop severe breakup. (tearing) at a few
kilometers. At viasible frequencies, the
atmosphere constitutes a disturbance in- the
near field of a 0.3-meter aperture ground-to
space link and in the far field of an analo-
gous space-to-ground link. Optical hetercdy
receivers on Earth and in the spacecraff can
be used to compare fluctuations in phase and
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be detected. These measurements will aid in
the understanding of turbulence theory and
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Optical Heterodyne Detection in Space.
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Evaluation of such a theoretical finding could impact the development of precision
Earth beacon tracking techniques as well as the obvious support to physical theory.
In horizontal propagation, the transition from a beam-boiling appearance to gross
beam-tearing (characterized by spots whose size seems independent of further in-
creases in range) occurs at ranges in excess of 5 km(1:2) Along slant and near-
vertical paths, this critical range should extend to tens of kilometers. Hence,
measurements should be taken well above the turbulence layers (20 km). The
measurement altitude should thus be greater than 40 km, the present bound on test
aircraft and balloon operation.

A heterodyne receiver in space.can provide the data needed to determine the types
and rates of modulation that can be supported by the atmosphere. The results of
this experiment can also help to establish the design choices for future laser com-
munication systems since wavelength, modulation, and detector techniques can only
be decided on the basis of a thorough knowledge of atmospheric effects. For this
reason, various modulations will be placed on the link, The quantities to be meas-
ured in space are received signal power, heterodyne signal power, and fluctuations
in both polarization and phase.

9.6.2.2 Experiment Design

By implementing a ground-to-space heterodyne link, it will be possible to determine
scintillation spectra, optical phase fluctuations, and polarization fluctuations (para-
graphs 9.1.3.1 and 9.1. 3. 5) in the absence of significant angle-of-arrival effects,
which are always present in space-to-ground measurements. By imposing various
modulations, it will also be possible to find the types and rates of modulation which
can be supported by the atmosphere, and these can be compared with downlink
measurements. Should future system designers consider adaptive optical communi-
cation from space to Earth, an optical uplink could sense the capacity of the trans-
mission path for adaptive feedback purposes. Polarization measurements will be
useful in evaluating polarized light communication techniques. Phase measurements
can be used to assess optical phase or frequency modulation methods.

The functio'nal description of the heterodyne uplink is identical to that for the hetero-
dyne downlink, given in paragraph 9.6.1. 2. Indeed, simultaneous operation of two
identical functioning links is important. However, location of the transmitter on

the ground will permit detailed instrumentation differences, chief of which will be
the use of a single-frequency (super-mode) laser. The 0.6328-micron receiver in

(1) W. R. Hinchman and A. L. Buek, "Fluctuations in a Laser Beam over 9 and
90 Mile Paths," Proc. IJEEE (Correspondence), vol. 52, March 1964, pp. 305-
308.

(2) J. R. Whitten, G. F. Prehmus and K. Tom1yasu "Q- Sw1tched Laser Beam

' Propagation over a 10-Mile Path " Proc. IEEE (Correspondence), vol, 53,
July 1965, p. 736.
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the 1. 0-meter spaceborne telescope will be essentially identical to the ground re= .
ceiver described in paragraph 9.6.1.4.2. A similar 0.3-meter spaceborne 0. 6328~
micron receiver will provide additional field of view and backup reliability.

An argon beacon will be available (paragraph 9. 6. 5) for uplink direct {energy). .
detection experiments at 0.488 micron. Although this beacon could be mstrumented
as a ground-based heterodyne transmitter, severe problems are associated with the
im‘blementation of a spaceborne 0.488-micron heterodyne receiver which primarily
have to do with the feagibility of developing the laser local oscillator having high
enough stability and reliability. They are:

a. A development program about 24 months long will be required to evolve
a laser design with the lifetime and reliability needed for the OTS missio:
There is at this time no reasonable assurance that the desired result will
in fact be obtained. The present problems are in designing lager tubes
to withstand the high current densities needed without erosion of the tube
walls and electrodes.

b. The primary electrical power needed by the Argon laser local oscillator
cannot be reduced below the 250-watt level, even for output powers of a
few milliwatts. This high power drain not only imposes restrictions on
the performance of other experiments but creates a serious heat dissi-
pation problem inside a telescope well.

c. The Argon laser tube will need cooling with a circulating fluid, Simple
radiative cooling of the laser tube will not be adequate. The vibrations
set up by the fluid flow and pump will make the stabilization of the cavity
length difficult, as well as couple into the pointing and tracking experi-
ments. In addition, the 0.4880- and 0. 6328-micron wavelengths are
close together, so that atmospheric perturbations on the two wavelengths
will be nearly identical.

The 10. 6-micron wavelength attainable with the highly efficient COy-Ny laser is
also an interegting subject for experimentation. Here, the arguments against a
10. 6-micron heterodyne uplink revolve about detector technology. In the infrarec
regmn photomultlphers are not available; hence, diode detection or photocon-
ductive detectors will be required. Present bulk detectors are noisy. Their per
formance could be improved by incorporating cooled spectral filters such that the
detector does not see the fotal blackbody radiation from the optical anfenna surfac
Ideally, photon noise-limited operation would then prevail. However, tests with
narrow detector fields of view indicate that with background noise removed sensi-
t1v1ty may still be limited by other noise mechanisms in the detector. This un-
certalnty in present development and the need for cryogenic cooling in the spacecraft
to achieve kilohertz bandwidths dictates omission of a 10. 6-micron heterodyne
uplink.
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A narrow-band 10, 6-micron (energy) detection measurement on the spacecraft will
be included in the direct detection experiment (paragraph 9. 6. 3).

9.6.2.3 WMeasurement Chjective

A ground-to-space link will be established to make measurements of the phase and-
amiplitude scintillation on the upgoing beam without the additional perturbing effects
of ‘angle-of-arrival and coherence diameter fluctuation. The spacecraft will receive
0. 6328-micron radiation through either the 1. 0-meter aperture or the 0.3-meter
aperture (figure 9. 6. 2. 3-1).

Several parameters will be measured at the spacecraft heterodyne receivers. They
are:

a. Amplitude fluctuation of heterodyne signals.
b. Frequency (or phase) fluctuations in the heterodyne signals.

c. Polarization fluctuation: Since each heterodyne receiver is sensitive to
orthogonal polarizations, any differential treatment by the atmosphere
can be detected.

Circularly polarized light will be transmitted from the ground for most experiments,
so that any atmospherically induced depolarizing effects can be analyzed at the
spacecraft.

Various modulators will be used, as in the spacecraft transmitter, in order to
evaluate their effectiveness on an optical uplink, whose scintillation properties:
are not the same as a downlink. Optical AM, FM, and Polarization PCM modu-
lation will be used in furn, under various weather conditions.

9.6.2.4 Equipment Degign

The block diagram of the equipment required for the Optical Heterodyne Detection

on the Spacecraft experiment is shown in figure 9. 6.2.3-1. The 0. 6328-micron
ground fransmitter will be made up of the following subsystems: (a) super-mode
laser with its power supply, mode stabilization controls, and automatic frequency
control; (b) electro-optic modulator with the modulation driver, power supply, and
signal source. The telescope, including secondary optics, beam deflection subsys-
tem, and pointing and tracking controls, will be shared with the beacon. Each space-
craft receiver will be made up of the following subsystems: (a) spacecraft telescaope,
including its secondary optics, beam deflection subsystem, and pointing and tracking
controls; (b) dichroic mirror; (c) optical filter; and (d) duplex heterodyne receiver,
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The locations of the heterodyne receivers are in telescope no. 1 and no. 3 (see fig-
ures 9.6.1.4-3 and 9. 6. 1.4-5 for equipment block diagrams within each of these
telescopes). A flip mirror is used within each telescope to convert between trans-
mitting and receiving modes. One of the telescopes can be receiving while the other
is simultaneously transmitting.

9.6.2.4.1 Spacehorne Receivers

The spaceborne receivers for the heterodyne detection experiments will be, like

the ground receivers, polarization diversity receivers that can process orthogonal
polarization states simultaneously. The spaceborne heterodyne receiver may enjoythe
immense advantage of being able to use the entire area of the collector efficiently
outside of the atmosphere, All optical components can be used at their diffraction

limit.

The heterodyne receiver configuration is shown in figure 9.'6.2.4.1-1. The received,
circularly polarized energy is picked off by a flip mirror and sent to the receiver
unit. Within each unit, the received energy is prefiltered and then retarded by a
quarter-wave plate, which converts right or left circularly-polarized input radiation
into orthogonal plane polarized beams. These are then separated by a polarization-
sensitive prism and sent to one of two basic heterodyne receivers. Both basic re-
ceivers are fed by the same laser local oscillator, but are sensitive to opposite
polarizations. This configuration is calied a polarization diversity optical heterodyne
receiver. It is capable of processing the two polarization channels simultaneously.
The local oscillator's power is divided equally by a beam splitter between the two
channels. The beams are superimposed at the two mixer beam splitters. Their
directions and phase fronts are matched so that they will beat coherently to produce

a signal at their difference frequency at the output of the detector. This is then
amplified by the IF amplifiers.

Each of the polarization channels uses two detectors in a balanced mixer configura-
tion. The signals from the two detectors are out of phase because of the phase re-
versal produced on the light by reflection at the beam splitter. One of the legs of
the circuit has an inverter that restores the signal to its correct polarity. Then it
is added to the signal from the other leg, and a heterodyne signal of full amplitude
is obtained without wasting any of the incoming signal light or any of the Iocal oscil-
lator power. This configuration is used for heterodyne reception in both telescopes.

The frequency of the laser local oscillator must be stabilized to a fixed frequency

offset from the frequency of the optical signal being received. The difference fre-
quency to be detected must lie within the bandpass of the photodetector. In the visible
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and near infrared spectrum, there are available broadband detectors (3:4) that permit
the laser local oscillator to operate as far as 3 GHz away from the frequency of the
incoming signal. A second electronic conversion with a tracking local gscillator

can always move the signal to a convenient intermediate frequency.

In the past few years several ffequency stabilized lasers have been constructed. A
variety of methods are now suitable for ‘the development of a frequency ‘stabilized
local oscillator laser to be used in the spacecraft, (5,6,7,8, The most common
laser is the short single frequency laser with about 0. 25 mW outputat 0. 6328 micron,
Multimode lasers may also be stabilized. (10) Typically line widths of about 2 parts
in 1010 ox 0.1 MHz is ordinarily obtained. (6:8) " The methods which employ a fre-
quency dither will have a residual FM modulatlon that can be about 5 MHz. (5 6)

For the OTAES experiment a simple mirror' tuning system that maximizes the L. O
lagser output power is sufficient; once a signal from the ground station is acquired-
the AFC system will use it as™a first-order reference and track at a fixed frequency
offset.

'

(3) M. B. Fisher, "A Multiplier Travelling Wave Phototube ;' presented at the
Conference on Electron Device Research, Un1ver51ty of IIhnms Urbana Ill
. June 23, 1965 (to be pubhshed) !

4) L. K Anderson L. A, D'Asaro, and A, Goetzberger "Microwave Photo-
“diodes Exhibiting Mm:;oplasma——Free Carrler letlphcatlon, " Appl. 'Phys.
. Lett., vol. 6, no. 4, -February 15, 1965.

(5) W. R. C. Rowley andD C. Wﬂson "Wavelength’ Stabilization of an Optical
Laser," Nature, vol 200 1963, p. 745.

(6) XKoichi Shlmoda ”Frequency Stablhzatmn of the He-Ne Taser U TRER Trane
on Instrumentation and Measurement.

(7) A. D. White, E. I. Gordon, and E. ¥, Labuda, "Frequency Stabilization of
Single Mode Gas Laser,'" Appl.. Phys. Lett.’, vol. 5, 1964 p. 97. -

(8) M. 8. Lipsett andP. H. Lee, ''Laser Wavelength Stab111zat10n w1th a Passwe
Interferometer, " Appl. Optlcs vol. 5, 1965, p. 823. ’

(9) A. D. White, "A Two-Chamnel Laser Frequency Control System, " EEE
Journal of Quantum Electronics (Correspondence), vol. QE-1, 1965 p. 322.

(10) S. E. Harris, M. K. Oshman, B. J. McMurtry, and E. O. Ommann "Pro-
- posed Frequency Stabilization of the FM Laser,' Appl. Phys. Lett., vol. 7,
-1965, p. 185.

(11} A. Heller, "A High-Gain Room—Temperature Liquid Lasei: Trivalent Neo-
dymium in Selenium Oxychloride,” Appl. Phys. Lett., August 1, 1966.

A. Lempicki and A. Heller, "Characteristics of the Nd+3Sé0012 Liquid
Laser, " ibid.
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9.6.2.4.2 Ground Transmitters

The requirements for a ground-based laser transmitter are the same, in essence,
as those for the spaceborne transmitters. Stable single-frequency operation is
needed, and this will be obtained in the same way as in the spacecraft transmitter
system, i.e., with a combination of mode-coupling techniques and acoustic isola-
tion. However, the ground transmitter is not subject to the constraints which led-
to elimination of the super-mode technique on the spacecraft. Thus, using the
super-mode technique, the ground transmitter can transmit nearly all of its power
in a single frequency.

For the He-Ne laser at 0. 6328 micron, the FM laser-supermode laser technique
can be used to convert the output of a multimode laser to a single frequency, and
simultaneously to stabilize the output frequency to a point near the laser line cen- ..
ter. (12,13) The optical configuration of a frequency-stabilized, multimode, single-
frequency output laser is shown in figure 9.6.2.4.2-1, The resonant cavity of the
laser system is formed by an opaque mirror at one end and a highly reflective mirror
at.the other end. Inside the cavity formed by the mirrors is a laser tube that pre
vides gain, and a phase modulator that is made of a material such as KDP, whicl
has a high electro-optic coefficient. When the phase modulator is driven with a
frequency that is véry near to the frequency spacing between the axial modes

of the laser itself, the modes become coupled together and are converted from in
ds:;pendent free-running oscillations into mutually dependent, coupled oscillations at
nearly the same optical frequencies. The amplitude and phase of each of the
prevmusly independent oscillations is altered by the presence of significant coupling
between the modes, so that the laser modes become sidebands of a single, cohersnt
51gna1 Both AM and FM coupling have been observed. (14,15)

The FM meode coupled, or ”FM laser,'" has an additional advantage, however: th

light inside the cavity is effectively frequency-modulated at a rate controlled by wuc
intra-cavity phase modulator, and the amount of AM distortion on this signal strongly
depends on the optical frequency difference between the center of the FM mode pat-
tern and the center of the fluoréscence line. This dependence can be used to measure
the absolute frequency drift of the mode pattern, and thus the drift in the cavity mirror
separation, and to provide an error signal to correct drift or jitter as it occurs.

(12) S. E. Harris, M. K. Oshman, B. J. McMurtry, E. O. Ammann, "Proposed
: Frequency Stabilization of the FM Laser," Appl. Phys. Lett., vol. 7, no. 7,

October 1, 1965, p. 185.

(13) S. E. Harris and B. J. McMurtry, "Frequency Selective Coupling to the M

- Laser," Appl. Phys. Let_t , vol. 7, no. 10, November 15, 1964,

(14} S. E. Harris and O. P. McDuff, "FM Laser Oscillation-~Theory," Appl. Phys.
Lett., vol. 5, no. 10, November 15, 1964,

(15) E. O. Ammann, B. J. MeMurtry, and M. K. Oshman, "Detailed Experiments
on He-Ne FM Lasers," IEEE Journal of Quantum Electronics, vol. QE-1, no, 8,
September 1965. "
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The multiple frequencies in the laser output can also be combined coherently into a
single frequency, because of the fact that they all have the amplitudes and phases
equivalent to a single FM-modulated optical carrier. An external optical phase
modulator, driven 180 degrees out of phase with the FM-locking intracavity modu-
lator, acts on the light beam to "un-modulate" it, and restore all sideband power
into a single carrier frequency. An FM laser can thus be stabilized and deliver its
full power into a single frequency simultaneously.

Two feedback control systems are needed in order to operate the laser in this way.
They are:

a. The Laser AFC Subsystem. This subsystem monitors the AM distortion
on the FM light within the laser cavity and adjusts the cavity length to the
correct value. This is accomplished by moving one end mirror with a
piezoelectric transducer. In this fashion the spectrum of oscillating modes
can be placed on the center of the resonance fluorescence line of the laser.

b. The Super-Mode Modulator Subsystem. The drive power to the external
modulator must always be adjusted to produce inverse modulation; i.e. ,
equal and opposite to the FM modulation coming from the laser. This is
accomplished by sensing any residual FM (or AM) sidebands on the output
beam and driving them to zero, by adjustment of the gain and phase shift
circuits driving the external modulator,

The major equipment necessary to conduct optical heterodyne detection in space is
listed below. The spaceborne equipment can be operated by the astronaut using the
left-hand panels shown in figure 9. 6.2.4.2-2 or, alternatively, from the optical
ground station using console 3 (figure 9. 6.2. 4. 2-3).

SPACEBORNE EQUIPMENT

a. 0.6328-MICRON DUPLEX HETERODYNE RECEIVER - (Two Identical
Units; One Located in 1-Meter Telescope and Other in 0. 3-Meter
Telescope)

Local Oscillator Laser Assembly Specifications:
Wt. - 151bs. L - 8 in.. Dia. - 6 in.

He-Ne Laser (Single Frequency)

Narrow-band Interference Filter - 0. 6328 micron
Quarter Wave Plate and Polarization Compensator
Polarization Analyzer/Optical Mixer Subassembly
Shutter

4 Wideband Photomultiplier Photodetectors
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Figure 9.6.2.4.2-2. Mockup of Interior of LM/OTAES Spacecraft.
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Photomultiplier Control and Power Circuits

Signal Processing and Demodulation Circuits

Laser Control and Power Circuits

Cavity Tuning Control and Frequency Stabilization Circuits
Power Monitor -

b. 1.0-METER RECEIVING TELESCOPE WITH SUITABLE BEAM
COMBINING OPTICS

c. 0.3-METER RECEIVING TELESCOPE WITH SUITABLE BEAM
COMBINING OPTICS

d. SIGNAL WAVEFORM ANALYZER/DISPLAY UNIT
e, TE_LEMETRS} SIGNAL CONDITIONER CIRCUITS

SROUND BASED EQUIPMENT

a. 0.6328-MICRON LASER TRANSMITTER ASSEMBLY

He-Ne Laser (100-milliwatt single frequency "'supermode'')

Main Control and Power Circuits '

Cavity Tuning Control and Frequency Stabilization Circuits
Stabilization Circuit Photodetector and Preamplifier

Internal Cavity and External Supermode Modulator

Internal Cavity and External Supermode Modulator Driver Amplifier
Internal Modulator and External Supermode Control and Power Circuits
Output Power Monitor

Pupil Matching Telescope

VIDEOC MODULATOR SUBASSEMBLY

Modulator

Modulator Control and Power Circuits
Modulator Driver Amplifier

Signal Generafor or Encoder
Photodetector and Preamplifier

Signal Comparator

b. 0.5-METER TRANSMITTING TELESCOPE WITH SUITABLE BEAM
COMBINING OPTICS
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c. EXPERIMENT CONTROL, SEQUENCING, AND MEASUREMENTS SYSTEM

Signal Processing Circuits

Telemetry Signal Storage/Computation Facilities

Heterodyne Up-Link Control/Display Console (Transmitier and Receive:
Waveform Display) '

9.6.2.4.3 Teasibility

The development of ground—based optical heterodyne receivers has advanced to a point
where the design considerations can now bé extrapolated for use in a satellite-borne
heterodyne receiver. The local oscillator laser has not yet been developed and
qualified for space applications, but a reasonable design can be developed based on
the present state-of-the-art of lasers and present knowledge of the space environ-
ment.” Alignment of the various elements making up the heterodyne receiver can be
maintained under the rigors of launch, using standard optical assembly techniques
such as drilling and pinning each element in position after final alignment has been
accomplished. Detectors for spacecraft application are available for all frequencies
of interest, but require cooling to 30°K or lower for the far infrared wavelengths.

The ground equlpment and fa0111t1es needed for this experiment are within the present
state—of—the art

For the v1sible Wavelength 6£'0. 6328 microns, critical components such as modula-
tors 3 Bedm splitters, detectors, ophcal elements and their coating have been demon-
strated in environments similar to those expected for this OTAES experlment

Design and space qualification testing of lasers must be started soon since laser reli-
ablllty and lifetime estimates are still low. Only the laser and the heterodyne
recewer assembly remain to be space tested. However, earth-based optical hetero-
dyne lmks have been démonstrated over kilometer distances. The most critical
‘parameter is the frequency stab111ty of the spaceborne laser local oscillators, which
brings about the requirement that they be acoustically decoupled from their sur-
roundings.

9.6.2,5 Data Management

The signal processing electronic subsystems will operate in the same fashion as
their ground-baséd counterparts; AM, FM, and Polarization PCM signals can be
received, and the laser local oscillator will track the received signal at a fixed fre-
quency offset as described in paragraph 9.6.1.4.1, The pseudo-random signal
comparison technique (section 28. 0) will be used for display and recording in the
normal data management mode. However, the true signal from the spacecraft
heterodyne receivers can be displayed to the crew, using either an oscilloscope or
TV monitor-type display. The status of the frequency tracking (A¥C) circuits will
be displayed with out-of-status warning lights, indicating loss of lock-on or exces-
sive frequeney Jitter due to spacecraft vibrations. Laser input electrical power and
optical output power will be displayed with panel meters.
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The equipments aboard the spacecraft can be operated from either the astronaut
console panels (figures 9.6.1.5-2, 9.6.1.5-3, and 9. 6.1.5-4) or from console 3
in the ground station OTTOS-OTAES Control Room (figures 9. 6.1.5-7, 9.6.1.5-9,
9.6.1.5-10, 9.6.1.5- 11 9.6.1.5-12, and 9. 6.1.5-13). These spaceborne equip-
nnent31nclude

a. either the 1, 0-meter (no. 1) or the 0.3-meter (no. 3) gimbaled telescope,
in a receive mode

b. an 0.4880-micron tracker for felescope no. 1 and/or no. 3
c. a0,6328-micron laser local oscillator

d. "heterodyne receiver detectors, electronics, and data handling equipment

e, RT teiematrv and heaarnan evefam

......

o agsure satisfactory performance, the equipment alignment and tuning must be
optimized and periodically repeated. Tuning of the laser to obtain optimum efficiency
will be done by adjusting the laser mirror controls to maximize output power for
fixed 1hput power. Laser AFC circuits are automatic in operation and require only
recheck of status indicator lamp. Telescope fine tracking functions are also auto-
matxc onge they are 1n1t1@.ted

Several portions of the spacecraft equipment in laser telescope nos. 1 and 3, whose
block diagrams are shown infigures 9.6.1.4-3 and 9.6.1.4-5, are used for checkmg
out the laser local oscillators and heterodyne receivers, as descrﬂoed in the previous
sectlon The equipments used for checkout in these two telescopes include

a. Local oscillator laser power output meter

b. Laser input current and voltage meters

c. Laser ﬁming and AFC circuits, with lock-on display indicator

d. Shutter for blocking local oscillator radiation out of the photodetectors
dux:ipg initial adjustments

e. ;I‘emperature. sensors in the laser package and the electronic units

. Oscilloscope display of all eritical electronic test points

uy

" Control and display panels for the laser local oscillators in the crew
cabin area
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The checkout and operation of the heterodyne receivers consists mostly of electronic
adjustments. They can be effectively monitored and operated by ground control.

The required adjustments do not need special optical test fixtures, which might re-
quire a human being to be present to set up and to interpret the results.

9.6.2.5.2 Ground Equipment Test and Checkout

The ground-based equipmént réquired for this experiment will include:,
a. 'I.‘he 0. 5-meter aperture transmitting telescope
" b. Pointing and positic;ning equipment
c 0. 6328-micron and 1[-)‘lG~micron laser transmitters, including modulators
d. Power supplies and electronic data handling equipment

e. Control and display consoles for transmitting telescope, transmitter
lasers, data processing, and recording equipment

f. 0.4880-laser beacon transmitter
g. Microwave tracker to provide pointing information
. Spacecraft telemetry command and display

The ground-based equipment will be checked for operability before the experiment

is begun. All of the lasers (0.4880-micron beacon, 0.6328-micron and 10. 6-micron
transmitiers) will be turned on and thermally stabilized, and AFC circuits turned on.
Internal checking of the modulator electronics will be done by injecting a signal
directly into the modulator and checking the modulated output against the input for
gain and distortion. These functions will all be controlied from the ground station
control consoles, Signal processing electronics will be self-checked in a similar
manner,

The beacon modulator will be operated with selected test signals, and the beacon
output will be measured. Pointing of the beacon will be done by using the inputs
from the RF tracking stations such as Goldstone, and the RF tracking equipment at
the optical ground site.

The 0. 5-meter transmitting telescope is pointed at the spacecraft, using the sams

pointing signal inputs. More accurate pointing will be done after the signal is ac-
quired by the receiving telescope on the spacecraft.
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The RT telemet:,ry gystem will be checked fc;r operational status at the spacec.raft
status display and control console.

9.6.2.5.3 Experiment Performance

Radiosonde balloons will be released over a period of several hours prior to, and
during, optical measurements, in order to record upper air conditions. Local
meteorological conditions will be measured near the transmitting telescope. Whet
there is no interference from clouds, the spacecraft will be commanded to acquire
the 0.4880-micron ground beacon, to begin fine tracking, and to receive test signa
on the optical uplinks. The pointing of the ground transmitter and the beacon tran:
mitter is updated, so that the spacecraft is accurately illuminated by the ground
station. The modulation of the transmitter beams will be a selected narrow-band
mgnal so that the receiver bandwidth may be narrowed accordingly, giving a good
signal-to-noise ratio for the reduced signal intensities obtained with wide transmit
beamwidths, of a few milliradians.

As the pointing accuracy of the beacon is improved, the ground transmitter beam
may be narrowed in increments and link performance determined as a function of
beamwidth and pointing performance requirements of the spaceborne receiver.
Fading rate, signal dropouts, and signal-to-noise ratios may be determined for
various bandwidths over extended periods of time. Various forms of modulation ,
such as amplitude, polarlzatmn and frequency modulation may be accomplished

on the uplink by changing the operational mode of the modulators, at both the 0. 6328-
micron and 10. 6-micron wavelengths.

Fluctuations in beam polarization will be continué.lly measured, and unexpected
anomalies telemetered to the ground and displayed. These data will be displayed
at the heterodyné receiver control console, and automatically recorded.

Phase noise introduced bg‘r the atmosphere will be measured, and selected portions
of data Will be telemetered and recorded.

Many of these measured quantities may be varying at up to 1 kHz. Extensive pre-
processing on the ground will be used before data are recorded. The magnitudes
of, and the statistical distributions of, the data are the most important information.
Teleme’cered raw data from the heterodyne receivers will be stored only while
prodessing ‘takes place, and then erased. Anomalous, or out-of-limit, data will
automatically be retained for later analysis.

The duration of the heterodyne detection in space experiment will be determined
primarily by weather conditions, and secondarily by the conflicting needs of other
experiments, such as the transfer of tracking from one ground station to another..
Data should be taken over periods of several hours at a time, especially when
weather conditions are changing.
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After the basic information on vertical-path propagation is built up, some further
tests will be made. These include attenuating the transmitted beam, detection of
signals under very high background conditions, and comparison of various types
of modulation and coding formats.
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9.6.3 Direct Detection on Earth

One potential application for lasers is communication at very long ranges. But,
hefore an optical communication link can be proposed as an operational tool, its
efficacy must be established. A foundation of spaceborne optical communication
engineering data must be obtained fo allow comparison with conventional techniques.
The preceding experiments have treated the optical heterodyne technique. Direct
detection also applies as an alternative communication form that has planetary
distance potential,

There are three salient advantages to the direct detection concept: system sim-
plicity, lenient pointing tolerances, and an advanced state of ground-based devel-
opment. In fact, direct detection system tests can be implemented on OTAES by
defocusing the telescope, in the same fashion that is prerequisite to the precision
tracking experiment (paragraph 9.6.5), and by using the optical heterodyne trans-
mitter. Thus, at the expense of a few logic elements in its test program sequencer,
the OTAES spacecraft can be adapted for the direct detection experiment.

There is a second advantage to the inclusion of a direct detection link in OTAES:
probability of experiment success. In the direct system, beam pointing and col-
limation requirements are traded off at the expense of enlarging the ground-based
optical collector, thereby enhancing the reliability of the space-to-earth communi-
cation link. Since those atmospheric measurements predicated upon amplitude

and polarization sensing can be accomplished with the spaceborne optical trans-
mitter in the direct detection communication mode, inclusion of the direct detection
link enhances the success of that portion of the atmospheric experiments.

The one element of an optical direct detection system that remains to be developed
is the large, earth-based optical collector (depicted in figure 9. 6. 3~-1), Fora
meaningful comparison (i.e., in a planetary communication context) with alter-
native techniques, this aperture should be 8 meters in diameter. In this size, solar
furnace technology and conventional RF antenna tracking techniques apply.

Given such an earth-based receiving system and a relaxed tolerance spaceborne
laser transmitfer, portions of the 10-MHz communication, pulse distortion, and
fading experiments can be accomplished. To be of full value to atmospheric
physicists and to develop meaningful space-to-earth communication engineering
data, such measurements must be made through the whole atmosphere. This
atmospheric measurement requirement, and the opportunity to make exact and
simulfaneous comparison with an alternative communication form, constitute the
justification for performing the direct detection optical communication experiment
in space.
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9.6.3.1 Justification

The frequently expressed need (1) for television bandwidth deep space-to-earth data
links suggests the use of a wide bandwidth laser communication system in which all
the short wavelength optical energy can be concentrated into a very narrow diffractior
limited beam by using relatively small apertures. Assuming all other factors to be
equal, the narrower the beamwidth the greater the capability of the communication
system. However, the ability to transmit submicroradian beams with apertures less
than a meter in diameter presents the designer with problems of precision pointing,
alignment, and atmospheric refraction effects comparable in difficulty to those of
the microwave communication system designer, who must construct and point mas-
sive space antennas in order to increase the present microwave systems capability.

The Direct Detection Optical Communication System concept, shown in figure
9.6.3.1~1, represents a compromise of the theoretical ultimate. In direct or

energy detection, the light beam is defected directly by a photocell that is sensitive
to changes in inpuf beam power. This is analogous, in the RF spectrum, fo the early
cerystal ,sets.’ However, since the direct detection optical communication system is
independent of the atmosphere coherence diameter limitation, a large aperture col-
lector can be used. A large receiving aperture will provide an excess of aperture
gain that may be traded off to relax the pointing requirements both on the earth and

in the spacecraft, preserving the capability for megahertz bandwidth communications.
The direct detection system technique accepts a detector efficiency of 10'1, lager
efficiencies of 10'4, pointing accuracies of tens of microradians, and non-diffraction-
limited optics. The signal~to-noise ratio for an optical communication link using
direct detection, neglecting dark current in the photodetector, is (paragraph
9.9.2.3):

(1) M. C. Adams, Hearings before the Committee on Science and Astronautics,
United States House of Representatives, Eighty-ninth Congress, February 23,
24, 25, and 28 thru March 1, 2, 3, 7, and 8, 1966, Part 4, p. 97.

A. d. Kelley, "NASA's New Electronic Research Center, ' Astronautics and
Aeronautics, vol. 3, -no. 5, May 1965, pp. 58-63.

H. E. Newell, Hearings before the Committee on Aeronautical and Space
Sciences, United States Eighty-ninth Congress, March 22, 23, 24, 25, and
30, 1965.
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- en
© = The responsivity of the photo-surface = Y
Py = The signal power received at the photomultiplier (watts)
Pp = The background power received at the photomultiplier (watts)

The electronic charge
The electrical noise bandwidth of the system (hertz)
= Quantum efficiency (number of charge carriers per photon)
Planck's constant
Optical frequency (hertsz)
The field of view of the receiver
% = Average spectral radiance of the sky in the optical filter bandwidth,
A}v as measured at the telescope receiver aperture, Ap
P = Transmitted power (watts)

2P 3 po
I

Q; = Transmitter half-power solid angle beamwidth (steradians)

Ay = Effective area of the receiver collecting optics (Square meters)
T, = Optical transmission

Tp = Atmospheric transmission

R = Range (meter).

The term in the first parentheses is the expression for signal photon noise-limited
operation. The ferm in the second parentheses represents the effect of background
in reducing the signal-to-noise ratio for signal photon noise-limited operation. The
8-meter collector can thus be used to compare direct detection to heterodyne optical
communication techniques in 24-hour earth orbit at visible frequencies.

The background problem at 10. 6 microns is less severe than at 0. 63 micron. The
background power incident upon the detector is small compared to the total black-
body radiation from the optical antenna that is viewed by the detector.

Solving for the transmitter radiance (paragraph 9. 9. 2. 3} gives:

1/2
2 S
P R %) (AfAc)

f _ v

g - y
bt D* To TA Ar
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where

(iN) = "The voltage signal-to-noise ratio
Ps . =. The signal power in watts

Ag; = The noise pandwidth-in hert
Ae The detector area in:cmz.

O L/
Typical D* values of Ge-—Hg( ) are 3 x 1010 c—n‘l”(%?*—* for an £/1.3 detector

aperture ratio and a 4 K operatmg temperature. The minimum area of the
detector, determined by the optics circle of confusion, would be 0,25 em?

Using the parameters from table 9. 6.8.1-1 in addition to those properties of thc
detector, and requiring a 30-dB signal-to-noise ratio, the required transmitter
radiant intensity is

. p
ﬁt— = 7 x 107 watts /steradian

Hence, t S COy-Ny laser is adequate to demon-
strate 10-MHz Direct Detection commumcat).on using the OTAES 0. 3-meter trans-
mitting aperture (£ = 1.4 x 107 )

9.6.3.2 Experiment Des1gn

This experiment will provide a high-confidence link for atmospheric propagation
measurements- and will compare alternative optical communlcatlon forms. The
specific objective is to evaliiate the performa.nce of a w1deband space- ground laser
communications technique that uses state-of-thé-art components but does not re-
quire diffraction-limited-optics, - extreme pointing accuracy, or excessive power
consumption.

The implementation of a direct detection experiment in earth orbit would thus test
and evaluate a simple laser communications. system concept, and provide means
for performing atmospheric propagation measurements. As lasers and detectors
are made more efficient and as space optical and pointing problems are solved, the
direct system will then become a means for high data—rate optical communications
at interplanetary distances
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TABLE 9.6.3.1-1

TYPICAL VALUES REQUIRED FOR DIRECT DETECTION EXPERIMENT

System Parameters

Space-to-Ground Noncoherent

Range

Laser Power @)

Beamwidih &)

Wavelength

Filter Bandwidih ()

Modulation Tvpe

Filter Transmission (®)

Norﬁ{r;al Optics Efficiency

Nominal Atmospheric Transmission {c}

Typical Background Radiance
Observed by Receiver (3)

Optical Collector Area

1.\!finimum Receiver Field of View
Phototube Type

Peak Signal to RMS Noise (&)
System Bandwidﬂ}

3.22 x 107 meters

" (20, 000 miles)’

1073 watts

1.4 % 1072 radians

6,328 x 1077 meters {6328 A)

2 A
Pelayrizaﬁcn
0.4

0.75

0.5

Blue Sky at Zenith {*)
2 x 10t watts/mz—stermic;'on

50 meters?

5 x 10"% radians
S-20 (C70038D)
30 dB

10 MHz

(a) Possible system parameters .as indicated on.curve.
{b) -Spectralab mica interference filter.
(¢) Less than standard clear atmosphere at 60°.from

zenith.

(@) Angle of sun and observer neglected for simplicity.

no. 2, Fehruary 19684, p. 181,
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The development of 2 space-to~ground direct laser communications technology Wlth
interplanetary capabilities requires the development of a spacecraft transmitter and
ground-based receiver techniques. In addition to critical component development,
numerous experiments are required to develop design parameters affected by trans-
mission of laser beams down through a turbulent atmosphere. TFurthermore, once
a system has been designed it should be constructed and then tested to determme its
performance. This could be accomplished partially by using balloon-horne laser
sources and receivers,

In evaluatmg the alternative to spaceborne equipment, it is necessary to determine
“the minimum requlrements for developing direct detection technology. The direct
detection system is a communicatioris system. Its design objective is to minimize
the fading effects introduced by the atmosphere. It is insensitive to wavefront phase
distortion and can operate either in the near or far field of a transmitter.

Turbulent air containing eddies of different index of refraction Iiroduces the seeing
and scintillation effects commonly observed by astronomers. Generally speaking,
there are two regions of turbulent air. The common seeing effects such as angle of
arrival, defocusing, shimmer, efc., all oceur in the turbulent layer within a few
hundred feet of the ground. A second region of turbulence is within 10,000 feet of

the tropopause Scintilldtion or intensity fluctuations for the most part originate

in this region which is at altitudes between 20, 000 and 60, 000 feet, depending upOJ
location to the earth, The subject of atmospherlc characteristies is discussed

more thoroughly in section 9. I.

Scintillation is introduced at the tropopause. A simple model of this effect is that

a corrugated shaped-interface produces a corrugation in a wavefront passing through
the region. For starlight; mottled light and dark areas are produced at the earth's.
surface. Protheroe (3) has measured the correlation distance of starlight at the
earth's surface to be 11 inches. In his measurements the predominant structure
size of the light and dark patterns range between 5 and 10 inches. Laser light,
because of its single irequency would have a finer structure. The direct detection
system antenna is composed of approximately 900 12-inch diameter elements. If
the structure scintillation is random, the root mean square fluctuation is approxi-
mately \N'900 and the signal fluctuation would be 3 per cent.

In fact, the observed striteture is often’ only the order of 0. 03 to 0. 04 meter. 4)
The S-meter diameter aperture area is 50 m?, Thus, if the structurel area is 1073
meter® , then the root mean square fluctuation would be 0.5 per cent.

(2). G. Kuiper and B. Mlddlehurst Telescopes, University of Chlcago Press, 1960,
Pp. 138-139.

(3) - W. Protheroe, "Determination of Shadow Band Structure from ‘Stellar Scmtllla-
tion Measurements " d. Opt. Soc. Am,, 1956, p. 851,

(4) J. Meyer-Arendt and C. Emmanual, "Opt1ca1 Scintillation, " NBS Technical
Note 225, April 1966, p. 31,
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9.6.8.37 Measurement Objective

[}

The probability of success of the direct detection experiment is hlgh The' experl—
ment does not add complem’cy to the spacecraft and yet allows a rela.xatlon of laser
pointing-and beam forming. Thus, the experlment provides a hlghly rehable mean
to measure fading depth and fading rate statlstms for noncoherent communlcatlons
betweén space and ground

It also provides a high gain antenna to fac111tate the measurement of, channel band-
width ‘and provides an intense point squrce in space to facﬂltate testmg of the- 1arge
aperturé optical antenna and the comparlson of laser llght Wlﬂ’l starhght and sun-
light. Following the commumcatmns experlments and the develop,ment of new key
cofiponehts, the direct detectlon techmque Would be available 6 deen shace anm.—
munications problems.

9. 6.”3. 4 Eéfu'ipment Desfgn '

THe 1mp1ementatlon of the optlcal commumcatmn system for, dlrect detectlon optica
communication from’ space-tfo-ground is shown in the block d1agram in figyre
9.6.73. fL 1. The laser transmitter will produce an output of the selected wave-
length

The ground-baséd receiver, shown'in figure 9. 6. 3- 1 will be an 8- meter diamefer
optical collector made of long focal length hexagonal mirrors approx1mate1y one
foot across. Each mirror would be an £/30 parabohc or spherical surface.. The
overaII optical collector would be a nommal moderate quality £/1.3 system, Th
u1t1mate resolution could be less than 0. 1 m1111rad1ans It would pbe mounted on a,
largé fracking mount to point and track the mcommg signal, Pointing and trackmg
will be done open'loop; that is, it will recelve pomtmg and trackmg data from
another source and will posmon itself in accordanee with the data but will not
generate any error information to correct the mcommg data. The data must-be
accurate to within'0. 05 m1111rad1ans Secondarvy optics will vrovide a collimated
beam for the dlreet deteotlon reeelver

Figure 9.6.3.4-1 is a block diagram of the direct detecfion receiver. The dichroic
mirror will be used to separate different, operating wavelengths. In the 0. 6328- -
micron receiver, the filter is used to reject much of the background radiation that
would otherwise reduce the 51gna1~to—n01se ratio of the detected, signal, and,: under,
momAtee- o0t Y GBls of background radiation, would overload the detector.

The filter pass-pand will be U. V0UZ-microns wide, centered at the transmitted *

wavelength. For PCM/PL the quarter-wave plate will'édnvert circularly polarlzed
light to plane-polarized light.
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Light entering f;lié ﬁblalizat'ion énélyzer will contain left and right circularly-
polarized 11ght The analyzer will separate the two types of polarization. The
detectors will convert the 11ght energy to electrical signals, and the output will
then be progesséd by the data-handling electronics to provide a display of the in-
coming data, "The ‘gignal fluctuatiohs observed in the intensity photomultiplier
will be a measure of the fading depth and fading rate. The spatial correlation
detector will. prov1de a means of measuring signal correlation across the aperxture.

9.6.3.4.1 | Feasibility

The direct éystem has been designed-to discriminate against sunlight scattering:
due to normal a"lr ‘and aerosol concentrations by usmg optical filters and restrlctmg
the optigal ﬁleld of view. The demgn of the direct system provides a means of- dis-
erimination agamst seeing and scintillation effects. A primary characteristic of
the d1rect system concept is s1mp11c:1ty, -reliability, and low cost. At 0. 6328 mi-
crons, -it can be implemented with state-of-the-art components. For. example in
the direct space transmitter, the Iasér, beam—formmg optics, laser pointing,

the eleetro-optic modulator, and modulatlon driver have commercial counterparts
in existegnce. A nominal 1-milliwatt 1aser approx1mate1y 30-cni long and 10-cm in
cross-section, weighing 6 kg and :ceqmrmg 10 watts of prime laser tube power,
such as;’ ‘the Spectra Physics Model 130 laser can sefve as the starting point for
the desi"gn of a space-qualified laser.- In addition, the Sylvania V2 eléctro-optic
modulator and solid-state modulation driver requiring 5 watts of power for 10-MHz
modulation are the basis for the space optical modulator. Furthermore, the beam-
forming optics for the direct system do not have to be diffraction limifed. Small
collimating telescopes for lasers, similar to the Spectra Physics Model 331 beam-
expandmg telescope, can easily form the beam required by the direct detection
system.

Recent ground-to-air tracking experiments (5) have been performed using a narrow
laser beam pointed at a retroreflector mounted on an aircraft. The return signal
has been tracked at 14-km slant ranges with an accuracy of 25 microradians, rms.
These experiments demonstrate accurate trackmg and laser pointing in a turbulent
atmosphere with the precision required for a direct detection optical communication
link,

The 8-meter ground-based optical collector contemplated for this experiment is very
similar to the 6.5-meter Narrabri Observatory multi-element optical collector. (6)

{6) R. F. Lucy, C."J. - Peters; E. J. McGann, and K. T. Lang, '"Precision Laser
Automatic Tracking System,' Applied Optics, vol. 5, April 1966, pp., 517-524,

(6) R. H. Brown, "The Stellar Interferometer at Narrabri Observatory,' Sky
and Telescope, vol. 28, no. 2, pp. 64-69,

H. Messel, and S. Butler, Space Physics and Radio Astronomy, MacMillan
and Co., Ltd., London, 1964,

I1-176



This array of 252 hexagonal segments can form a 3-milliradian star image. An
existing Syncom (7) microwave antenna tracking mount design could be adapted for,
the 8-meter optical collector. This mount has demonstrated accuracies of 50
microradians when tracking celestial objects from programmed data sources.

9.6.3.5 Data Management‘

Direct system experiments must be performed and statistical daix revurueu unuer

a variety of night and day conditions and zenith angles in order to adequately evaluate
this mode of communication. Typical experiment variables, most of which are
interrelated and uncontrollable, will be:

a. Meteorological conditions
b. Atmospheric path conditions
" ¢. Background radiance
d. Angular location of suh and/or moon
e. - Angular location of satellite.

In addition, it is desirable to perform these experiments at more than one laser -
frequency.

Most of the optical power measurements are straightforwara. ‘rotal signal power
and depolarization effects are measurable with the system detectors. Detailed exam-
inations of portions of the input apertures for correlation measurements can be made
by scanning the post focal region with 2 mechanical scanner or image tube. -
simultaneous measurements are made across the aperture, the aperture scan rate
must be much greater than the signal fluctuation rate. Angle of arrival fluctuations
can be measuréd by observing signal motion in the optics focal plane. Available
signal power, background, and bandwidth will limit the measurements and their
accuracies. The relative accuracy of measurement will be equal to./S/N .

The ground station will determine the length of each run, based upon meteorological
conditions, from real-time data processing and ana.lysm It will be necessary to
collect both short- and long-term data.

In order to evaluate the space-to-ground direct system, the following measurements

should be made. In each case, we are measuring and recording the output of photo-
detectors.

(7} Advent Grciund Antenna Systems, Contract No. DA 36-039-SC-87365, U. S.
Sighal Supply Agency, Ft. Monmouth, N. J.
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la) Measure the magnitude of the received powsr to check losses and fading

" " phenomena. In this experiment, the output of the photodetectors is con~ |
‘tinuously recorded (section 28. 0) to provide a chronological récord of the
“instantanéous received power. These data can be correlated with mefeor-
ological and spacecraft data to determine the intensity fading character-
isties of the propagation path for the large aperture collectdr. This meas
urement should show the ablhty of the large aperture collector to smooth
scirtillation introduced by the atmosphere.

1B; Méa'sure the signal power in the post focal image plane of the large parabola
to determine the poini-by-point instantaneous intensity structure of the
optical signal across the input aperture. Tn thig experiment, & scanning

photomultiplier or a matrix of detectors could be nsed fo messure the inten-

sity fading characteristic of each section of the large collector. A com-
parison of small sections with large sections can be made fo determine
intensity fading as a function of aperiure size. This is an intensity cross-
correlation experiment. ’

2)  Determine the error rate and/or overall communication channel quality.
In this experiment, moduiation methods are being evaluated. Thus, if
PCM or other pulse modulation is used, the receiver will ] Mmeasure the
error rate. If analog modulation is used, the instantanecus received |

“signal-to~noise is medsired, The television signal will be monitored at
the ground station to determine channel quality. In addition, signal de-
polarization effects produced by the atmosphere will be determined.

3) -Medsure the'effects of varying the transmitter beamwidth on System
parameters. “In this experiment, two effects are being observed. Cne
is attributable to lateral motion of the beam on the received’ signal, Thi
would introduce a modulation on the signal received by the photoiubes. .
The molidation would be a function of the beam mte:zszty distribution anc
the beam motion as it sweeps across the aperture. The second effect
would-involve the communication chamel bandwidth. As the beam is
spread, amultipath scattering effects introduced primarily at the tropo
pause will degrade the communication channel. Thig effect will become
Pronouticed as the differences in multipath transit times approach the
periodidity of the laser modulation signal. Thus, large beams may have
a lower bandwidth than narrow beams because they illuminate scatterers
fraveled from the scatfering effects in the tropopause, which are farther
frdm the beam center, This measurement could be performed hv +he
pulse-distortion technique at several beamwidths.

On board the spacecraft, several equipments must be operated to perform this
experiment -The equipment includes: @) a 0. '6328~micron laser transmltter
(b) a 1.0-meter telescope, (e) 2 0. 6328-micron direct detection i receiver,
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(d) a 10. 6-micron laser transmitter, and (e) a 0.3-meter telescope strapped onto
(b). The operation of this equipment to perform the Direct Detection experiment
can be accomplished by the astronaut, using the left panels in figure 9. 6. 3. 5-1, or
from the OTTOS-OTAES Control Room on the ground (figure 9. 6. 1. 5-5), using con-
sole 3 (figure 9. 6.3.5-2).

9.6.3.5.1 Spacecraft Equipment Test and Checkout

Initiation and gross operation of the equipment have been described above. To
assure satisfactory performance, the equipment alignment and tuning must be opti-
mized. Alignment of the laser, modulator, and telescope can be determined by
operating the boresight error measurement equipment on the control panel (figure
9.6.3.5.1-1) and determining the magnitude of this error. Adjustment of alignment
controls will be made to minimize the boresight error. Tuning of the laser to obtain
optimum efficiency will be done by adjusting the laser mirror controls to maximize
output power for fixed input power.

9.6.3.5.2 Ground Equipment Test and Checkout

The ground-based equipment required for these experiments will include: (a) the
large aperture (8-meter) receiver dish, (b) pointing and positioning equipment,
(¢) receiving electronics and data-handling equipment, and (d) ground station
control console. Auxiliary to this equipment will be: (a) the ground beacon, (b)
beacon modulator and drive equipment, and (c) the microwave tracker to provide
pointing information.

The ground-based equipment will be tested by operating the beacon and measuring
its output. The beacon modulator will be operated with selected test signals, and
the beacon output will be measured. Pointing of the beacon will be done by using
the inputs from the RF tracking stations such as Goldstone and, when possible,
switching over to the optical fine tracking system when lock-on has been obtained.

When the spacecraft tracker is locked onto the ground beacon and is transmitting,
the 8-meter dish will be pointed at the spacecraft and the receiving electronics will
be activated. Internal checking of the receiving electronics will be done by injecting
an optical signal directly into the photodetectors and checking the output against the
input for gain and distortion. These functions will all be controlled from the ground
station control consoles.

9.6.3.5.3 Experiment Performance

With the establishment of the down-communiecation link (spacecraft transmitter being
received by the 8-meter diameter dish), the Direct Detection Experiment is ready
to be performed. This experiment was developed on the basis that precise pointing
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Figure 9.6.3.5.1-1. Panel, Loser and Starlight: Experiments 3 and 4



would not be needed for performance of the experiment: therefore, the spaceborne
transmitter may be defocused to obtain a beam of 3 arc seconds. The modulation
of the transmitter beam will be a selected narrow-band signal so that the receiver
electrical bandwidth may be narrowed accordingly, giving a good signal-to-noise
ratio for the reduced signal intensity,

The transmitter beam may be narrowed in increments and link performance deter-
mined as a function of beamwidth and pointing performance requirements of the
spaceborne transmitter. Fading rate, signal dropouts, and signal-to-noise ratios
may be determined for various bandwidths over extended periods of time. Various
forms of modulation such as amplitude, polarization, and FM/AM may be accom-
plished on the downlink by changing the operational mode of the modulator.

It will be possible to use the direct detection link to measure beam shape of the
transmitting laser in the spacecraft. A sinusoidal signal of predetermined ampli-
tude and frequency can be used to drive the beam deflector, causing the beam to

be swept in a sinusoidal manner across the receiving aperture. By inserting a very
low-pass electrical filter in the tracker output signal line, the tracker will not cor-
rect for the sinusoidal variations but only for slow drift in the position of the space-
craft. Providing that the sweep frequency is within the range of operation of the
receiver's bandwidth and capability of the beam deflector, the intensity of the beam
may be plotted as a function of deflection voltage, which will have been previously
calibrated as a function of beam angle. Beam axis and tracker offset may be
determined with this procedure.

Modulation of the beacon signal will provide a communication uplink. Comparison
of performance between the downlink and the uplink will determine the reciprocal
and nonreciprocal characteristics of the propagation medium. The output of the
spaceborne receiver will be telemetered back. The spaceborne receiver will not
only measure the intensity of the signal but also polarization distortion, therefore
requiring two receiver outputs -- one for intensity and one for polarization error.,
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9.6.4 Megahertz Optical Communication

The rapidly increasing data gathering capabilities of deep space probes have made
necessary the development of techniques for transmitting data at maximum rates
using a minimum of spacecraft power. The rate at which data can be transmitted
varies directly as the bandwidth of the communication channel. Optical communi-
cation, using wide bandwidth modulation and detection techniques, offers a potential
solution for this need. Very narrow beamwidths are obtainable at optical wave-
lengths using nominal apertures, providing high energy density in the beam for
reasonable amounts of transmitted power. The high energy density will support
wide bandwidth communication with high signal-to-noise ratio.

Performance of wide bandwidth optical communication systems can be analytically
determined by making assumptions about the propagation path and assuming mathe-
matically ideal system components. However, it can be expected that a communi-
cation system placed in orbit will depart from this mathematical ideal. Determination
of the effect of these departures on system performance can best be measured by
placing them in the orbital environment. Because the atmosphere is neither homo-
geneous nor isotropic, and because the applicable theory is not developed for the
general case, it is necessary that the measurements be made along actual trans-
mission paths through the entire atmosphere. The few measurements made to date
have been over relatively short, nearly horizontal paths which cannot be considered
representative of an actual space-to-ground transmission path. Present knowledge
of the atmosphere does not permit accurate estimates to be extrapolated from
measurements made along these horizontal paths. This can only be accomplished
from an orbiting satellite (figure 9. 6.4-1). Variations of the atmosphere and its
effect on the system performance must be measured over a long time period to
obtain statistical data. These measurements will be made simultaneously at differ-
ent wavelengths. The atmospheric characteristics at several altitudes will be
recorded during the measuring period for correlation with the communication data.

9.6.4.1 Justification

The experiment will gather and analyze engineering data that may be applied in
evaluating alternative communication systems. The results will provide the infor-
mation required to make a realistic assessment of the relative merits of optical
and radio frequency communications. The optical measurements will compare
different optical wavelengths and both coherent and noncoherent detection methods.
Statistical data of fading depth and fading rates would be collected while propagating
both ways along complete atmospheric paths at different zenith angles, weather
conditions, and time of year. From the fading data the experiment would determine
the relative merits of different forms of optical communication techniques.

II-184



MODULATOR

i

PSEUDO
RANDOM
PULSE CODE
GENERATOR

LASER

MODULATOR

777

The performance of a transmission medium in supporting
wide bandwidth propagation is most positively determined
by direct measurement. Although inference of performance
may be made by measuring certain parameters which are
consideresd to be most influential, this technique is not
posi Because of the variability of the atmosphere,
cont ous  long m measurements need to be made to
gather statistically significant performance data. Trans-
mission of signal energy through the whole atmosphere will
be requitred to provide the necessary data. For ease of
data reduction, a variable clock rate pseudo-random

pulse code generator will provide the modulation of the

signal A synchronized generator on the ground will be
used for cting error Evaluation of error rate for
differe atmospheric conditions and several powar levels

will determine optimum power levels for the desired band-
width, under given weather conditions.

7777\ !
J POWER LEVEL

ERROR RATE

DETECTOR
AMP,
N BANDWIDTH
3 F,C;'RPOE'ZED || CORReL-| , ERROR
g ATA
GEN. ATOR D

Figure 9.6.4-1, Communication with 10 MHz Bandwidth

II-185



In his congressional testimony, Newell (1) pointed out that approval of the Voyager

program had to be delayed until a minimum communication capability of 8,000 bits .
per second could be assured. The data error rates associated with these bit rates

are of the order of 5 x 1077, Reduced error rates can be obtained at the expense

of bandwidth. Conversely, increased bandwidth can be obtained at the cost of greater

error rates. It has been estimated by Kelley (2) that in the 1970-71 period, data

needs for exploration of the near planets will require 107 bits per second system

capacity.

Various combinational modulation forms have been used at radio frequencies to
optimize satellite system performance for its analog and digital communication
needs. Future space missions using optical communications will also have special
characteristics, requiring a particular modulation form to optimize the performance
for each mission. Development of performance data will provide communication
system engineers a basis for optimizing the modulation form for each mission.

If it can be proven that an optical communication system can provide megahertz
bandwidths at planetary ranges, the system performance of future space probes
can be greatly enhanced,

9.6.4.2 Experiment Design

From the point of view of deep space optical communication, the signal transfer

characteristics of the atmospheric transmission link are desired. For all except .
the most simple cases, results based on measurements of the actual propagatien

link will provide the most realistic solution to the problems of information trans-

mitted through the whole atmosphere.

That is, the designer of an optical communications system of a space-to-ground
link must know the statistical behavior of the noisy propagation medium before an
efficient system can be designed. Knowledge of the fading characteristic of the
medium will direct the engineer to choose between an analog or digital system, a
threshold or nonthreshold detection technique, a redundant or nonredundant code.

If the modulation system chosen is analog, such as amplitude modulation, sufficient
power reserve is necessary to provide full dynamic range in the midst of a deep
fade. If a threshold system such as FM or PCM is chosen, the signal-to-noise
ratio should not drop below a minimum level or severe degradation results. In

(1) H. E. Newell, Hearings before the Committee on Aeronautical and Space
Sciences, United States Senate, Eighty-ninth Congress, March 22-25 and
30, 1965.

(2) A. J. Kelley, "NASA's New Electronics Research Center, " Astronautics
& Aeronautics, vol. 3, no. 5, May 1965, pp. 58-63.
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addition, in order to provide a reliable message transmission by means of message
redundancy, the duration and depth of fades must be known. Furthermore, the
design of adequate automatic gain control systems requires fading depth (dynamic
range) and fading rate (response time) data. Also, if diversity (multiple) transmis-
sion or reception techniques are to be employed, it is necessary to know the spatial
dependence of the fading characteristics.

Another extremely important input to the engineer is the frequency and time spread
introduced by the medium. Doppler effects produce frequency or phase distortion.
Multipath transmission caused by secatter introduces transit time spread that dis-
torts the message (figure 9.6.4.2-1). Time spread can also be introduced by index
of refraction variations with frequency. All these effects tend to limit the channel
bandwidth or information rate. Simple calculations (e.g., figure 9.6.4.2-1) show
these effects are not important at optical wavelengths in the megahertz range but
are important in the 100 MHz and above frequency range, and thus will tend to limit
an outstanding potential of optical communication, namely ultrawide bandwidth.
Consequently, to evaluate the ultimate potential of laser communication from space
to ground, the channel bandwidth must be measured. This is especially important
in modulation techniques such as FM or PCM where wider bandwidths are necessary
to transmit narrower band information more efficiently than with straight analog
amplitude modulation.

In addition, if polarization distortion occurs, the designer must know this to ade-
quately design a system using polarization modulation. In noncoherent systems
only intensity fluctuations and possibly polarization distortion are important. In
coherent systems amplitude, phase, and polarization distortion data is necessary.

9.6.4.3 Measurement Objective

This experiment will provide the statistical data required to evaluate optical com-

munication techniques at different wavelengths from space to ground and ground to

space., Fading depth, rate, and duration data will be collected over different pro-

pagation paths under different weather and seascnal conditions in both directions.

A minimum downlink channel bandwidth of 100 MHz will be verified, and a 10-MHz

space-to-ground laser communications link will be established. Coherent and non-
coherent detection techniques will also be compared.

The transmitter parameters to be measured on the spacecraft include laser power,
laser noise, modulation, beam divergence, and pointing accuracy for each laser
transmitter. In addition, all the optical receiver outputs, both coherent and non-
coherent, would be monitored. On the ground the corresponding receiver and trans-
mitter measurements would also be made.
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9.6.4.4 Equipment Design

The equipment used for this experiment will be the same equipment used for hetero-
dyne detection on the ground, heterodyne detection in space, and direct detection on
the ground. The spaceborne equipment will use three telescopes, one having an
aperture of 1. 0 meter and the other two having apertures of 0.3 meter. Telescope
no. 1 will be used for transmission of the 0. 6328-mieron wavelength and a backup
of the 0. 6328-micron heterodyne receiver as shown in fi gure 9.6.4.4-1. Telescope
no. 2 has a 0.3-meter aperture and will be used only for the 10. 6-micron wave-
length as shown in figure 9.6.4.4-2. Telescope no. 3 has a 0, 3-meter aperture
and will be used for reception of the 0. 6328-micron wavelength as shown in figure
9.6.4.4-3. The 0. 6328-micron transmitter in telescope no. 3 is a backup for the
transmitter in telescope no. 1.

The heterodyne receiver output in telescope no. 3 will be monitored over at least
a 1 kHz bandwidth to give a measure of scintillation in the coherent uplink. Also
in telescope no. 3 the local oscillator will have to be disabled to measure the cor-
responding scintillation in a noncoherent uplink. A 10.6-micron noncoherent re-
ceiver is included in telescope no. 2 to measure scintillation in the 10. 6-micron
uplink. This receiver, consisting of a thermistor bolometer and amplifier, does
not have to be cooled. Even though the receiver is relatively insensitive, it will
provide a 30-dB signal-to-noise ratio to measure scintillation from 0-1 kHz, pro-
viding the ground transmitter radiates 100 watts in a 0. 1-milliradian beamwidth.

The transmission monitors which are photodetectors are used to measure laser
power, laser noise, and modulation.

At 6328 2 the Sylvania V-2 modulator, which operates at frequencies up to 100 MHz
with 30 watts of prime power, is used to modulate the laser beam. Figure 9.6.4.4-4
shows the V-2 modulator and a transistorized driver. This driver with less than

2.5 watts of input power can provide 100 per cent modulation at 5 MHz., The V=2,
which is basically a polarization modulator, can be operated using any pulse, analog,
or FM/AM method.

On the ground the received signals would be recorded at the heterodyne and direct
detection systems outputs. ‘l‘ranmnit'ied power and beam divergence would also be
measured with monitors for the 6328 A and 10. 6-micron transmitters. Pointing
accuracy and stability measurements are also required for both transmitters and
receivers, This data would originate from the tracking error signals and calibra-
tions of the optical tracking mounts associated with beacons and receivers.

9.6.4.4.1 TFeasibility

This experiment is to be performed at two optical wavelengths, The degree of
perfection of the several critical elements required for communication at these
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wavelengths varies markedly with the wavelength under consideration. For visible
wavelengths, such as 0. G328 micron, all critical components such as lasers, modu-
lators, beam splitters, and optical elements and their coatings have reached a state
of development where some items such as optical elements, beam splitters, and
detectors have demonstrated reliable performance on rockets and satellites; other
items such as lasers and modulators have been operated in experimental communi-
cation links carrying television signals over distances of 2 km. &) Reliability and
lifetime estimates are still low for OTAES applications and will need to be improved.

At the 10. 6-micron wavelength of the COs-N2 laser, operation of most component
parts in the space environment is relatively unknown. The number of transmission
materials available for selection is limited, and suitable reflection and antireflection
coatings are also limited. Until the recent availability of the COo-Np laser, work
in the infrared region was spread over the band; but it can be expected that consid-
erable effort will be concentrated at the 10. 6-micron wavelength because of the
availability of a coherent source of high energy and the great need of materials to
be used with this source. Development of devices for operation at this wavelength
can also be expected to keep pace with material development. Sensitive detectors
for operation at 10. 6-microns are limited to the photodetectors such as gold- or
mercury-doped germanium, and they require cooling to liquid helium temperatures
for proper operation. Present devices can be operated at MHz bandwidths,
Further development will be required to obtain 10-MHz bandwidths with long life
and high reliability. Modulator development has progressed at a rapid rate.

Walsh () has obtained a modulation depth of 70 per cent at 10. 6-microns by apply-
ing 600 volts to a GaAs modulator. 100 MHz has been quoted for a commercial
unit at unspecified voltage and modulation depth. Other suitable materials are

also available that can be operated in modulators at wide modulation bandwidths.
An efficient modulator at 10. 6 microns is the primary high risk component for

this experiment because of the large drive powers presently required.

9.6.4.5 Data Management

Optical transmitter power in the spacecraft is measured using photodetectors, which
produce either a voltage or current output. The average power will be represented
by a de signal. Noise is a fluctuation on the dc signal. When the modulation is
turned on, the ac component will be a measure of the modulation superimposed. In
the spacecraft these electrical signals will be sent by telemetry to the ground for
storage, processing, and display. Similarly, the ground measured parameters

will be recorded, processed, and displayed as necessary at the ground station.

(3) C. J. Peters, et al., "Laser-Television System Developed with Off-the-Shelf
Equipment, " Electronics, February 8, 1965, pp. 75-78.

(4) T. E. Walsh, "Gallium-Arsenide Electro-optic Modulators,' RCA Rev. .
September 1966, pp. 323-335.
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The recorded analog data will be analyzed to provide:
a.

b. power spectrum of signal fluctuations

probability density distributions of signal fading

c. transmission losses

d. beam pointing and spreading effects
e. signal-to-noise ratios/error rates
f. polarization distortion

g. television picture quality

h. channel bandwidth

9.6.4.5.1 Spacecraft Equipment Test and Checkout

Verification of laser performance will be done by checking that the alignment servo
for the laser mirrors is operating satisfactorily and checking the transmission
monitor output power. For satisfactory performance, the equipment alignment and
tuning must be optimized. Alignment of the laser, modulator, and telescope can

be determined by operating the boresight error measurement equipment on the con-
trol panel and determining the magnitude of this error. Adjustment of alignment
controls will be made to minimize the boresight error.

Modulator performance will be tested by measuring the amount of drive voltage
required to shift the signal polarization by 90° (i.e., full on to full off) and by
adjusting the modulator driver gain to obtain the required output. A polarization
analyzer will be included in the transmission monitor for this purpose, and the
monitor output will be used for measuring the modulator performance.

9.6.4.5.2 Ground Equipment Test and Checkout

The ground-based equipment required for this experiment will include: (a) the
heterodyne ground receiver, (b) the large aperture (8-meter) receiver dish,

(c) pointing and positioning equipment, (d) receiving electronics and data-handling
equipment, and (e) ground station control consoles. Auxiliary to this equipment
will be: (a) the ground beacon, (b) beacon modulator and drive equipment, and

(¢) the microwave tracker to provide pointing information.

The ground-based equipment will be tested by operating the beacon and measuring
its output. The beacon modulator will be operated with selected test signals, and
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the beacon output will be measured. Pointing of the beacon will be done by using
the inputs from the RF tracking stations such as Goldstone and, when possible, .
switching over to the optical fine tracking system when lock-on has been obtained.

On board the spacecraft, the equipments required for performing the Heterodyne
Detection on Earth, the Heterodyne Detection on board the Spacecraft, and the Direct
Detection on Earth experiments will be needed for this experiment. Also required
for this experiment will be the direct detection receivers for 0. 6328 micron and 10. §
microns. Experiment control can be exercised by either the astronaut (figure
9.6.4.5.2-1, left-side panels; and figures 9.6.1.5-2, 9.6.1.5-3, and 9. 6. 1.5-4) or
the experimenter at the OTTOS ground site (figures 9. 6.4.5.2-2, 9.6.4.5. 2-3,

and 9. 6.4.5.2-4 and figures 9.6.1.5-5, 9.6.1.5-6, 9.6.1,5-7 through 9. 6. 1. 5-13,
and 9. 6. 3.5-1).

9.6.4.5.3 Experiment Performance

Prior to the commencement of the experiment, the ground station must be continu-
ously illuminated by the selected spacecraft laser. Data is required defining:

a. Laser beam radiant intensity distribution as a function of beam
divergence

b. Laser noise characteristics
¢. Spacecraft beam-pointing accuracy and fluctuations.

When the spacecraft tracker is locked onto the ground beacon and is transmitting,
the heterodyne receiver telescope and the 8-meter dish will be pointed at the
spacecraft and the receiving electronics will be activated. Internal checking of
the receiving electronies will be done by injecting an optical signal directly into
the photodetectors and checking the output against the input for gain and distortion.
These functions will all be controlled from the ground station control consoles.

To obtain the statistical fading characteristics of the propagation medium, this
experiment will require data from the other propagation experiments while they
are in progress. In addition, meteorological and path data will also be required.
Explicitly, the following outputs are recorded and monitored by the experimenter
on the ground.

Ground Equipment

a. Direct detection at 6328 A and 10, 6 mierons

b. Heterodyne detection at 6328 A and 10. 6 microns
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¢. Ground transmitter outputs and pointing data at 6328 A and 10, 6 microns,

Spacecraft Equipment;

A, birect and heterodyne detection at 6328 A and direct detection at 10.6
microns

b. Spacecraft transmitters and pointing data at 6328 A and 10.6 microns.

This experlment will also require direct detection receiver outputs on the spacecraft.
At G328 A the direct output is obtained from a heterodyne receiver detector. In
order to e11m1nate the shot noise produced by the local oscillator, it will be neces-
sary to block out with a shutter, or turn off the local oscillator for this measurement.

A direct receiver at 10. 8 microns has been incorporated in telescope no. 2 as shown
in figure 9. 6.4.4-2. This receiver will be prealigned in the telescope. It will be
designed to operate while the 10. 6 micron laser is in operation. (This is possible
because the 10. 6-micron laser is polarization modulated and will only appear as a
bias offset in the receiver. The receiver will not be degraded by the photon noise of
the 10. 6-micron transmitter.) This receiver will be activated by a switch on the
control panel for telescope no. 2.

The communication experiments using modulation are planned to be operated as an
extension of the Heterodyne Detection on Earth Experiment and the Direct Detection
Experiment. For example, the first experiment that is expected to be performed
will be the Direct Detection Experiment. When it has been determined that the
Direct Detection Experiment on Earth is operating satisfactorily, the modulator
can be supplied a signal such as: (a) tones, (b) voice, (¢) TV test pattern, (d) TV
picture, and (e) pulses.

The tones and TV test pattern will be used to make quantitative measurements of the
system performance, and the voice and TV picture will be used for subjective eval-
uation of the system. The tones spaced at decade intervals up to 100 MHEz will .
provide a means of measuring the frequency response of the space-to-ground channel,

The TV test pattern will provide another means of determining system performance

by correlation of many successive received signals. The pulse signal will provide a
means of measuring error rate of the received signal with a minimum of data process-
ing. Both analog and digital modulation methods can be used with the same modulator
and modulator driver.

These measurements will be made using both 6328 A and 10. 6-micron receivers in
the spacecraft. Although uplink optical communications are not a part of this experi-
ment, they will provide data on the upward path and will aid in the interpretation of
the downward transmission. In addition, depending upon the upward laser beamwidths
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and the atmospheric turbulence scale in the tropopause, it is conceivable that-deep
fading could occur. This fading would be due to beam breakup and the fact that the
long range between the tropopause and spacecraft will accent the breakup. For
example, a 1-micron radian refraction will displace that portion of the beam by
about 37 meters at the synchronous orbit distance.
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9.6.5 Precision Tracking of a Ground Beacon

Due to space power limitetions, wide bandwidbh laser communication links-
for space application will require that the laser power be concentratbed
in very narrow beam widihs, In order to utilize nerrow beams (dlvergence,
of 0.15 arc second at the 3 db power points) 2 pointing capability com-
mensurate with the beam angular divergence is reguired. Polnting a laser
4o this accuracy from the spieecrafi to a ground site would be virtually
impossible without a reference line of abbitude. This reference line.of
sight will be provided by an earth laser beacon whose anguler beam spread
can be considersbly larger than the spacecraft’s due to the greater power:
available at the ground site. The Deep Space Information Pacility (DSIF)
microwave link can establish the spacecraft’s pnsxtloa to an sccuracy of
i 22.5 sec. Thus, a 50 sec beam {rom the earth will insure illuminsbion
at the.space vehicle Initially. It can be narrowed down after the space-
craft has acguired the beacon, and in turn transmitted a wide down beam

{3 sec.) to the ground. Nerrowing the up beam to 6 sec. increases the
signali-to-noise ratic in the spacecraft tracker to make theoretically
possible (see supporting analysis 9.9.1. 3) the desired Lracking precision
in the face of varlable earth-shine. )

Line of szght gberrations of ‘high frequency duve to spacecraft disturbances
and atmospheric perturbations are compensated by thlC&l.gxﬂballlng within
the telescope (fine beam deflector system). Errors due to differential
detector drift and telescope optics misaligrment are corrected by features
of telescope design such as detector balancing and boresight compensation
loops.  Point shead of the down going beam, required by the finite velocity
of-3ight, is accomplizhed on an open loop basis in this experim&nﬁ using
a pre-~ calcul&teﬁ valne.

The purpose of this experiment is %o 1n$estzgate the araetxc&bzir&y of
tracking & ground based laser to an accuracy of 0.1 arc-secdnd from the
spece vehicle. Overall tracking conditions will be simulated from syn-~ |
chronous orbit. Tests will be performed in a manner such thab results can
be extrapolated to obtain expected trackmng performance for a éeep~space
nission.

9.6.5.1 Experiment Design

9.6.5:3.1 Experiment Condept

A ground station laser transmitber (beacon) beam is pointed at the spuce-
crafh. The Deep Space Information Fecility, DSIF, which tracks the space-
eraft, furnishes the pointing informabtion. In the spacecrafl, telescopes
with leser transmitting and receiving equipment must also track the earth
lager beacon. Initial telescope poinbing will require assistance from an
on-board microwave tracking system, and from star trackers or planet
trackers needed for -complete determination of spatial orientation of the
telescope. OF course, the spacecraft’s abtbitude control system must
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initially orient the spacecraft so that the gimballed telescopes will be
able to acquire the earth's beacon. Because of the importance of success-
ful beacon tracking to other experiments, two gimballed telescopes, of
differing fields of view and performance characteristics, are being
proposed for this experiment. (See subsection 9.4 for further discussion
on the ‘selection of the number of laser telescopes.)

The' laser communication link is not complete until spacecraft transmission
is received at an earth station. Because of the relative velocity between
the spacecraft and the ground station, the spacecraft transmission must
not be beamed coaxially with the upcoming transmission; rather the down-.
going beacon must be "pointed shead"., The manner in which this is done

in a closed-loop feedback manner is the subject of another experiment,
POINT AHEAD AND SPACE-T0-GROUND-TO-SPACE LOOP CLOSURE, subsection 9.6.6.
The initial point-azhead angle is supplied from the earth station computer
facility. The processed signal at the ground can be used in evaluating
the tracking performance of the experiment being discussed. For this
reason and to make possible illumination of the ground receiver, the

open loop insertion of point-ahead angles is considered a part of this
experiment. Details of current practice in spacecraft attitude control
and microwave~link operation are important to the success of the experiment.
Hovever, in the discussion much of this will be assumed, and emphasis will
be placed on the new frontier of laser space telescope tracking technology.

The experiment is to be conducted from synchronous orbit, thereby elimi~
nating the effects of image dancing eand requiring only one ground station.
Consequently, there will not be any systematic slewing or reescquisition
requirements, as would be the case for lower orbits. This does not,
however, eliminate the atmospherically produced fluctuations of the wave-
front angle which produce scintillation or "twinkling”, a fluctustion of
the received intensity. The relatively large receiving apertures will,
-however, reduce the average amplitude of these fluctuations, especially at
higher frequencies, where they are virtually eliminated. The effect of
these intensity variations is to vary the signal level (fading), and hence,
to degrade the signal to noise level which can be relied upon. Available
data for a guantitative evaluation of this effect is scarce; one of the
primary aims of these experiments is to provide useful measurements for
its evaluation. Reacquisition will be investigated, and slew is a part
of the TRANSFER TRACKING FROM ONE GROUND STATION 7O ANOTHER experiment,
subsection 9.6.7.

9.6.5.1.2 Acquisition and Tracking of Ground Beacon

9.6.5.1.2.1 Spacecraft Orientation

The spacecraft and its telescopes must be properly oriented for the
latter to receive the illuminating beacon signal. The spacecraft attitude
will be referenced to both a line of sight to the sun and to the star
Canopus. Two alternative means of acquiring Canopus are being considered:;
One is to orient the spacecraft in roll by having an on-board microwave
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tracker track a ground beacon and then issue gimbal commands to a star
tracker to search for and acquire Cancpus. The second method is to issue
gimbal commands to the star tracker such thet it will acquire Canopus if
the correct roll attitude around & sun line exists and then program a
spacecraft roll sbout the sun LOS as in the recent Mars-Mariner flight

or as had heen plammed for the Advanced Orbiting Solar Observatory.

9.6,5.1.2.2 Acguisition and Tracking

Bpacecraft position is known to the earth stabion within a 3 sipgma come of
uncertainty of a half-angle of 22.5 sec. from the D.5.I.F. network. Allow-
ing for degradstion due to data transfer, encoding and other earth station
mount errors, a value of 25 sec. is reascnable for the overall uncertainly
{cone half angle.) i

On this basis, a beacon with a beam spread of 50 sec. is peointed toward
the spacecraft. The beacon is operated in a pulsed mode to facilitate
acquisition and tracking.

The position of the earth station is known at the spacecraft to a cone

of uncertainty of half-angle of 30 min., from the on-board microwave tracker.
This information is used to point a planet tracker with a field of view of
about + 1 deg. toward the earth (or simulated earth, white light beacon.)

The planet tracker tracks the earth {or beacon) to t 10 seec. (% 30 sec.,
3 sigma). The planet tracker is boresighted to the 0.3 meter gimballed
telescope, and tracks the earth by using its error signals to drive the
gimbals of the 0.3 meter teélescope. As a result, the 0.3 meter telescope

_will now be pointed to within % 30 sec. (3 sigma} of the earth (or simu-
lated earth).

Since the field of view of the 0.3 meter telescope is ¥ 45 sec., it will
now acquire and track the ground beacon to an accuracy of aboub + 1.5 sec

The calculiated point-ahead angle required is inserted between the 0.3 meter
receiver and transmitter, and a beam of 3 sec. divergence is transmitted to
the earth station. Internal boresight aligmment is accomplished prior to
this step.

The-earth station tracks this beam, sharpening its knowledge of the space-
craft position. The uncertainty of this tracking is as follows:

a. Atmospheric error, typically 2 sec. for one aperture, or,
averaged over 16 apertures, about 0.5 sec.

b. Tracking resolution, boresight and other errors, estimated to
he on the order of 0.3 4o 0.5 sec. with a 3 sec. bean.

The probable total uncertainty in the earth station's knowledge of space-
eraft position will then be on the order of 0.6 to 0.8 arc seconds.
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Based' on improved knowledge of spacecraft position, and hence, improved.
earth beacon pointing, the earth laser divergence is gradually reduced
to a value of 6 arc seconds. With this divergence, the spacecraft will
track the earth beacon to approximately 0.15 arc second.

The spacecraft transmitter can now be narrowed to a beam width of 0.5 are
second (0.3 meter telescope).

The gimbal angles and fine beam deflector voltages from the 0.3 meter
telescope are transferred to the 1.0 meter telescope.

The 1.0 meter telescope tracks the earth beacon (which has a 6 arc second
spread) to within approximately 0.1 arc second.

The 1.0 meter telescope transmits a laser beam to the earth station with
an initial beam width of 1.0 arc second, gradually reducing it to a value
on the order of 0.15 second.

- The parameters of acquisition are given graphically in Figure 9.6.5-1.

9.6.5.1.2.3 Testing of Tracking Loop

Dynamic testing of the tracking loop operation will be performed on both
the 0.3 meter and the 1.0 meter telescopes. In the case of the 0.3 meter
telescope, the testing will be performed after the ground beacon has been
narrowed down to 6 arc seconds, before transfer of tracking to the 1.0
meter telescope. Loop testing will be performed on both axes of both
telescopes. Although the overall beam-pointing correction {space-~ground-
space} loop is not closed during this experiment, the earth stations's
beam pointing error outputs may be ubilized as a measure of the behavior
of the line-of-sight during this testing. To facilitate this, a known
increment (e.g. - perhaps 0.2 of the transmitted beam width) may be added
4o the commanded point-ahead angle, and its effect measured at the ground,
thus calibrating (and, if necessary, allowing adjustment of) the pointing-
error output gradients.

Test signals covering a programmed range of amplitudes and frequencies will
be inserted into the loop at the points designated on Figure 9.6.5-2 as E,
(error output of pre-amplifier), E, (input to beam deflector) and E

(input of gimbal torque motor drive amplifier). PFor each of these Test
inputs, the following quantities will be monitored (Figure 9.6.5-2):

Vy - error output of pre-emplifier

<
n
1

output of integrator

V3 -~ error signal to'ghﬁbal drive.

o
!

gimbal angle readout

Ground station beam pointing error outputs
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These tests will be performed for both the synchronous orbit condition,
and for the simulated deep space condition (reduced beacon power).

9.6.5.1.2.4 Acquisition and Tracking in Varying Earth Shine Conditions

The acquisition and tracking function at the spacecraft must take into
account the varying earth shine conditions present at earth for differe
illumination phases of earth as seen from Mars. This requires that the
tracking and acquisition procedures will be performed under different
light levels. Thus acquisition and tracking will be performed under the
varying earth shine conditions which will be nabturally present in synchro-
nous orbit over a diurnal cycle. A numerical analysis of the effects of
earth shine on acquisition and tracking is presented in section 9.9.

9.6.5.2 Experiment Measurement Objective

9.6.5.2.1 Precision Tracking of A Ground Beacon

In tracking the ground beacon from space, the beam will be perturbed from
a number of sources, both internal and external. Tracking is implemented
by a guadrant detection scheme. For the purpose of stabilizing the space-
craft transmitted beam, internal disturbances must be separated from
"external ones since the former is the source of down-beem jitter. The
nature of the disturbance and the method for measuring and cancelling the

- -disturbance are listed:

a. Mechanical vibrations - the spacecraft motion transmits
vibration to the .various optical components which in turn
perturb the optical line of sight to both receiver- (tracker) )
and transmitter. The amplitude and frequency of the vibrations
are sensed differentially on the paired guadrant sensors. The
precise power spectrum of these disturbances during space flight
will be very difficult to predict, and only a preliminary speci-
fied range can be determined for tracker design purposes.

b. Atmospheric perturbation of ground-to-space laser beam. The
ground transmitted laser beam will be subject to both angunlar
and translatory fluctuations from the earth's atmosphere. Only
angular fluctuations will be present at the spacecraft and they
will be sensed as amplitude fluctuations or seintillation in
the image. By summing all 4 quadrants of the detector, the
spectrum of scintillation can be determined and thus separated
from other disturbances.
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9.6.5.2.2 Spacecraft Acquisition of Earth Laser Beam Under Varyxng
Ferthshine Conditions

a. Determine capability of acquiring laser beam under varying
amounts of earthshine.

b. Measure tracking accuracy degradation as a result of increase
in background light levels.

¢. Relation to optical design parameters: on the hasis of evaluating
tracking performance with different background light levels,
design parameters such as maximum allowable spectral filtering,
and opbimum tracker field of view can be determined.

9.6.5.3 Experiment Equipment Design

The equipment reguired to perform this experiment is divided into ground
station equipment and spacecraft equipment. The ground station equipment
consists of microwave tracking and communication capability for coarse
acquisition, a 4B880A laser beacon with variable beamwidth to illuminate

the spacecraft and an optical receiver-tracker to locate the spacecraft

more precisely and permit narrowing of the beacon beamwidth. The tracker

is also used to verify the completion of the precision tracking and pointing
experiment (Section 9.6.6). A description of the tracker and discussion

of its capabilities are given in Section 9.6.6. Two types of tracking arrays
are treated, heterodyne and direct, the latter not requiring any programmed
movements (nutation) of the down-going beam.

The space station equipment required for this experiment comprises the
transmitter and tracker sections of the 1.0 meter telescope and the 0.3
meter separstely gimbaled telescopes, including the local oscillators and
associated tracker balance and boresight calibration circuits. The remain-
ing equipment of the laser telescope group, i.e., receiver units, heterocdyne
and direct, and the entire 0.3 meter strapped-on telescope, have no ap-
plication to this experiment. The telescopes are completely described in
the preceding section (9.5).

9.6.5.4 Data Management

The function of the precision tracking experiment is to acqguire, lock on
and center precisely in the field of view of the telescope the line of
sight to the ground station beacon. This is to be done despite the effects
of spacecraft and telescope vibration and jitter, and effects of atmos-
pheric perturbations.

The telescope pointing error appears on the tracker as a difference signal
in the axis involved. The difference signal is processed and applied to
the appropriate fine beam deflector axis. Building up of error in the fine
beam deflector is prevented by sensing excessive input voltage and sending
an appropriate correcting signal to the gimbal drives. Thus the telescope
aligns itself with the ground station line of sight and the excessive
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excitation voltage on the fine beam deflector is relieved. The difference
signals from the tracker as well as the fine beam deflector excitation and
the telescope gimbal angles are all displayed and recorded for analysis.

A steady error signal with no departures in excess of 0.1 second of arc

is indicative of the required tracking precision. Atmospherie perturbations
which are evidenced by scintillation are measured by recording the sum
signal from all four detectors. From this signal the atmospheric pertur-

bation spectrum can be derived. This signal also is telemetered to the
,ground station for analysis, ’
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9.6.6 Point Ahead and Space-Ground-Space Loop Closure

In a two-way communications link for deep space missions the relative
orbital velocity between the space vehicle and earth, coupled with the long
signal transit delays, require that the spacecraft transmitter "point

ahead" of the apparent spacecralt-ground transmitter line-of-sight in order
that the ground receiver receive the spacecraft transmission. For a typical
Mars fly-by the lead angle will be on the order of L0 arc seconds near the
terminal phase. Continuous and accurate reception from the spacecraft re-
gquires that the "point ahead" be referenced to the coordinate reference
frame established in the PRECISION TRACKING OF A GROUND BEACON experiment.
The "point ahead" precision requires that control be effected through a
closed space-to-ground-to-space feedback loop. Perturbations due to space-
craft disturbances must be compensated: low frequency disturbances by space-
craft and telescopic control; high-frequency disturbances by beam (deflector)
control within the telescope.

Two types of optical detection at the ground receiver are investigated.
Heterodyne (coherent) detection involves use of a matrix of small tele-
scopes and a local laser oscillator signal beating against the incoming
signal in each telescope. Direct (incoherent) detection using a four tele-
scope array is also considered. Both methods are to detect gradients in
intensity across the beam width intercepted, in order to "steer" the beam
toward the center of the array by means of error signals transmitted to the
spacecrart. State of the art techniques in balancing of detector sensi-
tivities will be required for this, although angle detection proper (i.e.,
direction of the beam) is shown to be quite feasible by either method.

The space-ground-space loop is concluded stable by examination of analytic
criteria developed in OTAES Interim Progress Report (Vol. IV, Appendix I-1).

Image dancing due to atmospheric disturbances operating in a manner analo-
gous to that discussed in the PRECISION TRACKING OF A GROUND BEACON ex-
Periment, imposes the need for testing "point ahead" under the actual condi-
tion of a space mission, here proposed at synchronous altitude.

9.6.6.1 Bxperiment Design

9.6.6.1.1 Need for Closed-Loop Correction

The effectiveness of the Space-to-FEarth Iaser commmnication link and the
brecision to which spacecraft position can be determined by laser tracking
on the earth are both highly dependent on the signal-to-noise ratio achiev-
ed at the earth station receiver. To achieve acceptable signal levels at
the receiver using feasible power levels at the transmitter, at long ranges,
requires the use of highly concentrated (very narrow dispersion) beams.

The advantage of this concentration can be lost if the receiver is not
illuminated by the peak-intensity center of the transmitted beam. (For
example, if the receiver is illuminated by the half-power point in the -
transmitted beam, rather than the center, it will receive only one half as
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much energy from the laser, and the received signal-to-noise ratio will be
reduced by 3 db.)

Factors tending to cause the beam center to be displaced from the recéiver
include the following:

a. Uncertainty in the knowledge of the direction from the spacecraft
to the ground station. This includes tracking errors, such ag
those produced by noise on the tracking signal, disturbances trans
mitted to the telescope through the gimbal system, and residual
detector unbalance.

b. Residual boresight etrors between tracking receiver and transmitte
(at the spacecraft).

¢. Uncertainty in the cémputed value of point-ahead required, due to
perturbations of the spacecraft trajectory, for example.

d. Residual errors in the calibration of the point-ahead mechanism
command mode. ’ '

e. Scintillation effects of the atmosphere.

The initial beam spread must exceed the expected rme sum of these factors,
and is thus taken as 3 arc sec.

9.6.6.1.2 Closed Loop Pointing Control

If a signal can be developed which is proportional to the angle by which
the beam center misses the receiver, this signal can be fed back to the
point-ahead mechanism in such a manner as to reduce this error signal to a
minimum by driving the beam center toward the receiver. This is, in fact,
how the space-to-ground-to-space correction loop is intended to Function.

When the center of the beam arrives at the center of the receiving array,
the signals in corresponding telescopes on each side of the array will be
equal (assuming telescope sensitivities have been Precisely balanced). )
This symmetry is lost when the beam center moves away from the array, and
a net signal gradient appears across the array {from side to side or from
top to bottom, or both, depending upon the direction.of the.beamfpointing
error). It is this gradient, sensed by a differential measurement across
the array, which is used an an error signal, and is fed back via an earth-
to-space data link, to correct the pointing. i

9.6.6.1.3 Closed Loop Performance

Figure. 9.6.6.1-1 is a block diagram of the pointing correction loop, in-
cluding the transmission lags due to the transit time required for a signal
to travel between the earth station and the spacecraft and back.
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Stability criteria and dynamic performance of this loop are analyzed and
discussed in some detail in the OTAES Interim Progress Repor+ w1 T

Appendix I-1.

From this analysis it may be concluded that at a range of about one- astron-
omical unit, a loop velocity constant, K, (=K3Kp ) of about 5 x 10- e -1
would result in & loop damping ratio of about 0 T. The conclusion. may also }
be drawn that loop gains of this order are gdequate to maintain pointing
error at a negligible value in the presence of normal variations of hara-
ware parameters. Further detalls regarding stability of the space-ground-
space loop are given in Section 9.9.1.7.

EARTH K ~ eTV2% [l Ko L »— SPACECRAFT

~T0S
e V2

Figure 9.6.6.1-1 Pointing Correction Loop
(with Transport Iags)

9.6.6.2 Experiment Measurement Objective

9.6.6.2.1 Point Ahead

The relatlve orbltal velocities of the spacecraft.and: the signai trans-
mission time require a point ahead capability for both spacecraft and
ground station in order that mutual acquisition of laser. signals be accom-
plished. The experiment will establish the degree of accuracy to which
point ahead can be implemented.

The first parameter to be measured is initial point ahead accuracy. -Prere-
quisites are: (1) the spacecraft's own knowledge of its attitude; estab-
lished by Canopus LOS and earth laser L.0S,. and {2) the relative orbital
velocities of spacecraft and earth station along with geographic position
of earth station.
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Point shead is implemented by offsetting the transmitter L0OS from the
receiver LOS via the diasporameter rotation. The ground complex measures
the incoming laser power gradient. Both temporal and spatial averaging is
required to smooth out the effects in the down going beam, resulting from
atmospheric turbulence.

The second parameter to be measured is point ahead capability as a function
of tracking S/N. The point ahead capability is improved by the upgrading of
the tracking LOS. However, the ground station must acquire the spacecrafi's
laser beam before it can narrow down its own beam and thus improve the
spacecraft's laser tracking capability. The limits of point ahead capabili-
ty as a function of tracking S/N can be determined by successive narrowing
of both earth and spacecraft laser beams. The narrowing of the spacecraft
laser beam will enable the ground receiver array to determine the incoming
laser amplitude gradient. However, there will be limits on the narrowness
of both laser beams at which the point ahead capability will not improve.

At this limit, the effect of other parameters which can affect point ahead
capability can be examined. Some of these additional parameters are listeq
below:

a. Spacecraft transmitter and tracker boresight accuracy
b. Precision of diasporameter subsystem

¢. Accuracy of determining navigational parameters such as spacecraflt
attitude, position, and range

9.6.6.2.2 Space-to-Ground-to-Space Loop Closure

‘The improvement in the spacecraft's capability of pointing its laser at the
ground array resulting from measured information fed back to the spacecraft
will be determined in this experiment. The loop closure will be implemented
with realistic deep space transmission delays.

Parameters to be measured are:

a. Improvement in beam pointing capability of spacecraft by virture of
a feedback loop. g

b. Ability of ground receiver array to measure the incoming laser
beam positions under varying ambient conditions. Correlations of
beam pointing measurements with light level, and atmospheric condi-
tions can be made.

9.6.6.3 Experiment Equipment Design

9.6.6.3.1 Spaceborne Equipment

The same equipment as in the preceding experiment section 9.6.5.3 is used
for this experiment, except that now the pupil matching optics of both the
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0.3 and 1.0 meter telescopes are employed to narrow the down going beams.
The diasparameter servo loops of both instruments now receive input commands
in response to error signals received from the ground station.

9.6.6.3.2" Ground Receiving Equipment

In previous reports, three types of ground receivers have been considered.
One of these, namely, the use of ‘a single large-direct detecdtion telescope
("photon bucket") with nutation of the spaceborne laser beam was not con-
sidered further, as it required the additional complexity of nutation in the
spacecraft telescope equipment o ’

Of the other two, one utilizes heterodyne (coherent) detection and the other
direct (incoherent) detection of the received energy. The heterodyne detec-
tion technique ewmploys a number -of relatively small receiving telescopes
arranged in an array, each combining the received energy with energy from a
"local oscillator" laser, to produce a beat or I. F. signal at a frequency
equal to the difference between the received and local oscillator laser fre-
quencies. - .

The direct detection technique involves the use’of four larger inccherent
receiving telescopes, arranged in an array for detection of intensgity dif-
ferences across the beam. ’ )

9.6.6.3.3 Distributed Heterodyne Arvay

The distributed heterodyne array for reception from a deep-space probe would
consist, typically, of 100 individual telescopes. For a synchronous orbit
simulation the array would consist of 16 telescopes. Fach telescope would
be about 12.5 em. in diameter, which is the largest aperture considered
capable of receiving a coherent optical signal through the atmosphere with-
out serious degradation of wavefront.(l) Figure 9.6.6.3.3-1.illustrates a
typical array, including a co-mounted transmitter, containing 16 telescopes,
as would be used for testing from synchronous orbit. Figure 9.6.6.3.3—2
illustrates a single heterodyne detector telescope, with typical signal
Processing. Signal processing for angle tracking follows the same logic as
that applied to the spaceborne tracker (see figure 9.9.1.1-2). For beam
pointing, the "presence" signals (sum of all four detector outputs) of all
telescopes in one half-array (either horizontally or vertically) are com-
bined, and the difference between opposing halves is used as & measure of
beam pointing error. (See section 9.6.6.1.3)

(1) Jurgen R. Meyer - Arendt and Constantinos B. Emmanuel
"Optical Scintillation; 4 Survey of the Literature”
N.B.S. Technical HNote 225
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Superheterodyne detection makes it possible to realize an improved signal-
to-noise ratio, by lifting a weak signal above noise resulting from back-
ground light, photodetector dark current, and thermal agitation in the
resistive load circuit. Post-detection signal power, and the noise power
component due to the local oscillator current are both proportional to the
local oscillator power.

The general expression for the power signal-to-noise ratio is:

2
iS, S PLO PI'" S Prr!
e e &F (Py + Pro) eAf(l+_I_Jll)
n A P
Lo
where:
ig = R.M.S. signal current (I.F.)
i = R.M.S. noise current
8 = sensor sensitivity
Prp = local oscillator power (at sensor)
Pp = received signal power (at sensor)
AT = effective noise bandwidth
Py = input power required to produce noise equivalent to that
) from all other sources, includin% background
e = unit electron charge = 1.6 x 10~19 coulomb.

IFrom this it may be seen that when the ratio PN/PLO is guite small the term
(1+ P } becomes essentially unity, and the signal-to-noise ratio becomes

Pro

a function only of the sensor sensitivity, the received signal level, and
the:equivalent noise bandwidth

9.6.6.3.4 Direct Detection Array

Figure 9.6.6.3.%-1 illustrates an arrangement for a direct detection array
for earth reception of a spaceborne laser beam.

Bach telescope containg a pyramidal reflector and four photomultiplier
detectors (quadrant detector-see section 9.9.1.1), for angle tracking. The
relatively large apertures of the telescope perform partial spatial averag-
ing of perturbations caused by atmospheric effects, and additional spatial
averaging is obtained by combining the error outputs of all four telescopes
in angle tracking. . .

9.6.6.3.5 Equipment Effectiveness in Tracking -

This is shown by the results summarized below, as developed in s
9.9.1.5 and 9.9.1.6. The large signal to noise ratios at 1 H, bandwidth are
especially indicative of tracking feasibility with either technique.
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DEEP SPACE-A=5,0M., D=2.0 M.
SYNCHRONOUS ORBIT-A=0.5M.,,D=0.3M

Figure 9.6.6.3.k-1 Direct Detéction Tracker Array
(Earth Station)
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TABLE 9,6,6,3-1

SUMMARY-GROUND TRACK‘I'NG AND BEAM POINTING CORRECTION

Deep Space Synchronous Orbit
Detection Technigque Quantity @ Beam Center @ Beam Edge @ Beam Center @ Beam Edge
’ -B ] -6 -6
lieterodyne Total Presence Signal (IF. Amps, RMS.) 2.06 x10 1.46 x 10 117 x 10 82.8x 10
Detection 5 5
Presence 5/N m 1 11Z. Bandwidih 5100 3620 7.26 x 10° 3.14 x 10
Maximum Tracking Signal {I. F. Amps, RMS.) 2.06 x 10-(J 1.46 x 10-6 117 x 10_6 82.8 x 10—6
2
Total Noise Power Spectral Density (-%’——) 16.28 x 10_20 16.28x 1¢ 20 2.60 x ].0-20 2,60 x 10 20
Poiwnting Error Signal @ & = 0.015 sec. (I F.amps, RMS) 2.34x 10_12
Pointing Error Signal @ & = 0,075 see. (I. F.amps, RMS) 8.52 x 10712 1.04%10°°
1/2 Array (center-to-center) angular subtense, (radians) 6.1x% 10_12 6.1x 10..12 1.27 % 1€l-B 1.27 % 10—8
-6 -6 -3 -3
Direct Toial Presence Signal (Amp., D.C.) 1.14 x 1.0 0.57x10 3.4x10 1.7x10
Detectron S/N 1 11Z. Bandwidth ] 1.33 x 10° 7.66 x 10° 1.0x 10° 7.3 x 100
Maximum Tracking Stgnal (dmp., D.C.) 1.14%x 1070 0.57 x 10°° 3.40 x 1075 1.70 x 107°
2
Total Newse Power Spectral Densily, (aTn;_p_) 73.40 x 10726 55,8 x 10728 10.9 x 10”22 5.45 x 10722
Total "Non~Stgnal" D.C. (threshold) Amp., D.C.) 0.291 x 10°° 0.291 x 10°° 14.4x107° 14.4x107°
Pointing Error Signal @' 8 = 0.015 sec. @mp., D.C.) 6.98 x 10":L2 8.75 x 10'6
Pointing Error Signal @ @ = 0.075 sec. @mp., D.C.) 1.8x 10712 22.5x 107°
. ] - - N - -
Center-to-Center Array Subtcnse, radians 3.33x 10 1 3.33x 10 1 1.39x 10 8 1.39 % 10 8




Table 5.6.6.3—1 summarizes the results of calculations for several condi-
tions, for bpth the deep-space case, and Tfor the synchronous orbit condition.
Assumed conditions are as follows:
Transmitted Power: From Deep Space = 1.0 watt
T'rom Synchronous Orbit = T.Sx10"3 watt
Beam Divergence = 0.15 arc second (9]3)
Heterodyne Detection:
Telescope Diameter ; 12.5 em
Deep-space - 100 telescopes in arrvay

Synchronous Orbit - 16 telescopes in array

Local Oscillator Power - 5 X 10'3 watt/sensor, 4 sensors/
telescope

Direct Detection:

.Deep Space.- 4 telescopes, two on each axis. Diameter 2.0M.,
and separation along axis is 5.0M center-to-
center.

Synchronous Orbit - 4 telescopes, two on each axis.

Diameter = 0.3M., and separation along
axis is 0.5M center-to-center. -

9.6.6.4 TImta Management

With precision tracking established in both directions, measurements of
significant parameters for .-the pointing correction loop will be made, wit
the loop still open, to provide a reference Tor comparison with closed loop
data. ’

The pointing correction loop'will then be closed. Again, the sigﬁificant
parameters will be measured. Programmed disturbances will then be intro-
duced into the loop, and the effects on the performance measured.

Figure 9.6.6.4-1 illustrates the loop, and shows the points at which meas-
urements are made, and those at which disturbances are introduced.
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Measured quantities include:

Ea - Pointing error output of ground array

PRFl - Digitized pointing error signal‘before’transmissidn

N - Output of digital integrator (spaceborne’

Ey - Output of D/A converter, fed to diasporameter command input.

Programmed (and monitored) disturbances are introduced at:

AVy - input to pointing error A/D converter

A‘f_ - input to ground station error tr&ngmituu;

A Vo - Command input to diasporameter

A8 - Input to tracking loop beém deflector, controlling'both trans-

mitter and receiver lines of sight.

The actval lead angle required, about forty seconds of arc, can readily be
simulated from a synchronous equatorial satellite, by a physical separation of
the Earth's transmitting and receiving installation of approximately four
miles.’ The receiving installation, which mzintains angle track on the
satellite, must, of course, communicate accurate angle information to the
transmitter, in order to enable it to keep the satellite illuminated.

It is anticipated that the point ahead experiment will be conducted after
tracking capability has been tested and verified. In order to co-locate

the earth station receiver and transmitter, an initial roint ahead bias

must be maintained to allow for the tangential velocity difference at syn-
chronous orbit and ground. At the start of the simulated deep space point-
shead test, the Earth station will commend the point shead mechanism to slew
over the amount required to hit the new receiver, some four miles away.

It can be seen that, for the proposed mechanization, the overall loop is
inextricably interwoven with the point ahead operation; the space-to-ground-
to-space loop closure thus represents an integral part of the point ahead
experiment, rather than a separate .demonstration. Nevertheless, it would be
of interest to open the feedback loop during the test {for periods that
would have to be determined experimentally, gradually increasing), to see
how far and how fast the transmitter beam will wander off the target with-
out the benefit of correction.

The idea underlying the major portion of loop testing is the same one as in
the PRECISION TRACKING experiment, namely that of introducing calibrated
disturbances at several points of the loop. Amplitude and fregquency of the
disturbance, as well as that of the response are either metered on the
ground, or monitored in the satellite and relayed back to the ground station.
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Overall loop performance, as well as the functioning of individual blocks,
will be considered. It should also be possible to adjust the loop gain by
controlling the sensitivity of the error detector (volts per arc second),
the scale factor of the analog-to-digital converter (pulses per 'second per
volt) at the ground station, or the scale factor of the digital- to—analog
converter, via telemeter control (figure 9.6.6.4k-1).

9.6.7 Transfer Tracking from One Ground Station to Another

A deep space vehicle in optical communication with earth must possess the
capability of transferring track between earth stations in order io maintain
continuity of operation despite cloud overcast and the Farth's rotation.

The acquisition and tracking between a spacecraft and a ground complex
(beacon transmitter and ground receiver), which naturally precedes transfer
tracking, is discussed in subsections 9.6.5 and 9.6.6. A chain of earth
stations must be established and so located that & minimm of two stations
Wlth reasonable zenith angles and high probability of clear weather will ~
have a dlrect line of sight to the vehicle. Meaningful experimentation with
prec181on tracking of a ground beacon can only be conducted from altitudes
above 2000 miles. The transfer tracking demonstration is predicated on
accurate tracking, and consequently also requires such space testing.

The station spacing required to demonstrate the 11 arc-second tracking trans-
fer from synchronous altitude-which is the altitude proposed for the
PRECISION TRACKING ‘OF A GROUND BEACON experiment~ is one mile; however, a
four mile separation is required for the POINT AHEAD AND SPACE TO-GROUND-
TO-SPACE LOOP CLOSURE experiment. Consequently the itransfer will be: per-
formed at a four mile separation. Both stations, at a four mile separation,
will have co-located receivers and transmitters for the tracking transfer
demonstration.

Two technidues will be tested from synchronous orbit. One will involve
transfer by commands to the 1.0 meter telescope beam deflection system.

The other will invelve transfer back to the 0.3 meter telescope in order to.
put both beacons, in the field-of-view at the same time, and subsequent- trans-
Ter to the 1.0 meter telescope after completion of transfer in the 0.3 meter,

9.6.7.1 Experiment Design

Adequate hand-over technigues must be developed before wide bandwidth laser
comminications.can be utilized for either earth orbit or deep space vehicles
which reguire uninterrupted communiecation. Certainly a function required
for deep-space, vehicle communication must be proven before actually under-
taking such a mission. In order to make this possible, a chain of earth
stations must be established, so located that a minimum of two, and prefer-
ably more stations will have direct line of sight to the wvehicle, with
reasonable zenith angles and high probability of clear weather.
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One study\l/ resulted in the recommendation for using a total of eight
stations -around the globe, with probability of clear reception greater
than ‘90 per cent for the full rotation of thé earth (if one site locatior
in Red Chins is assumed to be accessible), and greater than 95 per cent
for a very large portion of the diurnal cycle. This study is, however,
based on communication dowrn to zenith angles of TO° which may be ex-
cessive for high quality optical contact; it may be necessary to provide
more stations to reduce required elevation coverage. : For the s1tes
Tisted in Ref. (1), the largest spacing is that between sites at 19°N -

156% ang- 2008 - 113°E,' a chord length of some 5200 statute mlles, whrcn
may subtend as much as 11 are seconds at vehlcle range of l AU

It is ant1c1pated that the realistie spatial situation of the lead angle
requirement in the point ahead demonstration, using a synchronous satel-
lite requires a four mile gseparation of receiver and transmltter stations
-Ordinarily, the station spacing required to demonstrate trachlng transfer
from synchronous altitude would be orie mile. Since the stations requlred
for the point -ahead demonstration would be avallable, these stations can
be used to demonstrate trackiang transfer. Obviously, a system that can °
transfer tracking between stations four miles apart will more than sat-
-isfy the normal requirement of one mile separation. '

In the realistic deep-space case, two stations séparated by 11 arc second
will both fall well within the £15 arec second fleld of viéw of the 1.0 .
meter telescope. Thus, when the second station's transmltter illuminates
the spacecraft, the 1. O meter telescope, which has been tracklng the firs
station, Wlll move over and track to a position representing the "center
of gravity" of the intensity between the two beacons. When the first
beacon is then turned off the telescope Wlll track the second beacon to
the center of the field.’

f s v
Since the two stations to be used for this experiment are separated by ko
arc: seconds -at -the test (synchronous) altitute, the second bescon will
not'be in the field of view of the 1.0M teléscope when the firdt is being
tracked. For this reason, transfer will be accompllshed first with one
and then with the other of the following two techniques:

a. Direct transfer of the 1.0 meter telescope, using angle compand

) to the beam deflection system. The appropriate angle commands
can be computed on Earth, using the known coordinate frame of
the vehicle attitude with respect to the stellar coordinates =
and earth line of sight.

(1) Kenmeth I. Brinkman et al, Study on Optical Communication From Deep
Space, Hughes Aircraft Co., Aerospace Group, Interim Progress Report,
No. SSD 3166R, NASA Doc. No. N6L-16770.
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The angle commands are fed to the input of the angle tracking
fine beam deflectors, with the tracking loop, including the
coupling between the beam deflectors and the gimbals, disabled.
Upon acquisition of the new beacon, the tracking loop is again
activated, and the beacon is tracked to the center of the field
in the normal manner, using both the ginbals and the fine beam
deflectors.

The point-ahead angle requirement may change by as much as 0.7
arc second, or several beamwidths, between two earth stations, as
a result of the difference in the relative velocities caused by
a difference in latitude. Corresponding commands must also be
computed and telemetered to the vehicle, so that the transmitter
beam can be directed to the new station with a minimum of delay.
The timing of the tracking and pointing transfer commands should
be such that switchover of transmission from the o0ld to the new
station will occur immediatelyafter the tracking transfer in-
structions have been issued, thus allowing the vehicle to track
the new station. Reception must, however, continue at the old
station for one transmission delay interval. The transmitter
telescope at the new station must be directed by data radioed
ovéer from the old station and corrected for the angular dif-
ference. The new station's receiver, which will not begin opera-
ation until one transmission delay later, can also be slewed in-
to position upon the basis of such data.

This technique bas the disadvantage that a momentary loss of
contact in both directions will result from the time required
to move the line of sight from one station to the other. The
requirement for a precise open-loop angle command from the

earth may also be considered a disadvantage of this technigue.
It does, however, allow the transfer to be accomplished entirely
with the 1.0 meter telescope.

On the basis of the protracted tracking and angle smoothing
operation preceding the optical communication Pprocess, and the
refined tracking permitted by it, the angular computations re-
quired for the above should certainly be feasible. The exact
Torm of the computations, as well as that of the commands re-
mains to be investigated.

Transfer via the 0.3 meter telescope.

In this method, tracking is handed over from the 1.0 meter
spaceborne telescope to the 0.3 meter spaceborne telescope.
Since its field of view is 45 arc seconds, the second beacon
will be in the field of view when the first is being tracked,
even though they are separated by 40 arc seconds. When the
second beacon is turned on and illuminates the spacecraft, using
pointing data transmitied from the first station, the 0.3 meter
spaceborne telescope will track a point between the two, rep-
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senting the center of illumination. The first station is now
switched off, and the 0.3 meter telescope tracks the second
beacon to the center of its field. Tracking data are next
transferred from the gimbals and beam pointing system of the
0.3 meter telescope to the 1.0 meter telescope, which will now
acquire and track the second station. At the same time, the
new computed value of point-ahead 1s transmittéd to the space-
craft, as outlined under alternative a) above. The transfer
w1th1n the 0.3 meter telescope is directly analogous to the
manner in which transfer would take place within the 1.0 meter
telescope when the stations are only ll arc seconds or less
apart (i.e., in a deep space mission).’

While spaceLto—earth contact is intérrupted with this method
also, as it is in method a), contact from ground to space is
maintained continuously This technique does not reguire the
Precise open loop angle command from earth. It does, ‘however,
reguire the extra complication of-transfer from the l 0 meter
to the 0.3 meter telescope, and back again.

9.6.7.2 Measurement Objective

The purpose of the experiment is to compare the relative merits of the
two techniques described above and to assess their applicability to the
various phases of a deep space flight. To this end it is desired to ob-
tain a time history of the tracking loops during the interval between the
initiation and completion of the-transfer.

9.6.7.3 Experiment Equipment Design

The instrumentation aboard the spacecraft is identicsl to that used in the
Precision tracking and Point ahead experiments. The only added require-
ments - (which are in the form of design refinements to be incorporated
subsequent to the conceptual design phase) are means to insért a cali-
brated offset into the fine beam deflector of the 1.0 meter telescope and
a means of disabling the gimbal drive momentarily. 'In the ground complex,
in addition to-the tracking capability of the second station, there are
also employed a steerable laser beacon transmitter and the communication
link to the computation facilities at the first station.

9.6.7.4 Data Management

The data to be collected include the tracker error signals, the fine beam
deflector deviations, point ahead angles, and the telescope gimbal angles
for both telescopes. These quantities will be sampled at a high frequency
and telemetered to the ground station where they will be recorded on a
suitable strip chart. The high frequency vaiiables, namely error signals
and beam deflector positions will be sampled at a rate of 10G samples per
second. The slower elements, point ashead angle and gimbal angles can be
sampled a few times a minute.
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9.6.8 10-Micron Phase and Amplitude Correlation

Although atmospheric effects on the propagation of electromagnetic waves have
been the subject of scientific and engineering interest for hundreds of years, in-
creases in the spectral capabilities, resolution, and sensitivity of available instru-
ments and sensors have revealed gaps in the knowledge of the atmosphere (section
9.1), as well as renewed interest in measurements previously attained with great
difficuity.

The effects on the transmission of optical frequencies can be determined by a de-
tailed examination of the attenuation and refraction characteristics of the atmosphere.
The absorption properties of the atmosphere have yielded much of the information
now available. There is still much information to be gained, however, through
measurement of refraction effects.

Temporally and spatially random variations in the index of refraction of the atmos-
phere have limited the performance of optical instruments, Now that optical
wavelengths can be applied to communication, tracking, and mensuration, the need
for detailed knowledge of these variations has become even more evident.
Theoretical knowledge of the effect of these variations on optical wavefronts has
progressed to the point (paragraphs 9.1.1 and 9.1.2.1) where measurements must
be made of the physical quantities and their functional relationships. To date,
theoretical derivations have been based on correlation and structure functions or
extrapolated from the microwave frequencies in which the presence of water vapor
is considerably more significant than at optical frequencies, Most available
measurements at optical frequencies have been made with stellar or thermal
sources that have such poor temporal coherence that extrapolation to the more
coherent laser light applications is of questionable validity.

In this experiment, a technique for measuring the phase variations as functions of
time and space, with a highly monochromatic COo-No (10.6-micron) laser source,
is proposed (figure 9.6.8-1). Amplitude correlations are also measured., From
these measurements, the limitations on coherent apertures could be determined
for ready application in the design of superheterodyne systems and an assessment
made of the accuracy of scientific measurements that depend on signal frequency.

To correlate experiment and theory, which usually assumes a plane wave incident
on a random medium, it is neces sary that the turbulent medium be in the far field
of the transmitting antenna, This cannot be done with a transmitting aperture
located within the atmosphere. To make such measurements would require a
monochromatic light source in orbit and a veceiver that samples and correlates
two points on a wavefront, To avoid spatial integrating effects, the measurements
should be made with a small aperture,
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STABLE COZ-N TRANSMITTER

2 The extent of spatial phase and amplitude perturba-
tions imposed by the time-varying atmosphere are
10.6y essentially unknown in the far infrared, Such

measurements require a monochromatic light source’ in
orbit and a receiver that samples and correlates two
points on a wavefront. To avold spatial integrating
effects, the measurements should be made with small
apertures. Signals from a spaceborne 10.6-p trans-

—— mitter will be measured with 2-cm apertures. Corre-
lations will be made at various separation distances
between 4 cm and 10 meters. An evacuated and seig-
mically isolated instrument is required to avoid

e random differences in the optical paths following
the initial sampling aperture. -
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Figure 9.6,8~1. 10-Micron Phase and Amplitude Correlation
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9.6.8.1 Justification

Horizontal tests (paragraphs 9,1.2,2) clearly show the existence of a maximum
effective aperture which varies with turbulence conditions, In these tests, image
quality or optical heterodyne receiver performance has been used as an indirect
measure of phase covariance, The laser beam result for log-amplitude variance
(paragraph 9.1.1) is one theoretical prediction that can be directly compared with
experiment., The 10-micron Phase and Amplitude Correlation experiment seeks
to measure the transmitter diffraction distance. For a horizontal path on Earth,
this distance is predicted as L/kg, where L is the range and ¢ is the standard
deviation of the amplitude distribution across the transmitter aperture, There
may be no advantage to increasing transmitter apertures beyond ¢ = (L/k)l/ 2,
Buch a result would have significant bearing on the efficacy of optical heterodyne
communication,

In principle, the méasurements proposed could be made on stellar sources, How-
ever, the actual measuring must be made with a resonable signal-to~-noise ratio.
The accuracy of measurement is further improved by the use of highly mono-
chromatic light,

Measurements on starlight as well as ground-based measurements of laser light
have shown a dependency on the distance to the receiver as well as to the trans-
mitter of the disturbing elements of the atmosphere. Space testing would remove
this doubt from the data obtained,

9.6.8.2 Experiment Design

The object of this experiment is to measure the phase and amplitude perturbations
imposed by the time varying atmosphere on a signal transmitted at optical fre-
quencies, and to determine the correlation in the phase front of two points as a
function of their separation., Amplitude correlations should also be measured.
Because the frequency deviations due to the atmosphere are of the same order of
magnitude as those due t6 instability in the laser oscillator itself, it is important
to measure these deviations as independent of the laser instabilities as is possible,

Short term relative_ stabilities of a laser oscillator in the order of 3 x 10-9 have
been reported.(1) Theoretical studies(2) have also shown that the line broadening
due to molecular scattering effects in the atmosphere is also in the order of 109,

(1) R. Targ and W.D. Bush, "Automatic Frequency Control of a Laser Local
Oscillator for Heterodyne Detection of Microwave-Modulated Light," Applied
Optics, vol. 4, no. 12, December 1965,

(2} A, Consortini, .. Ronchi, A, M. Scheggi, and O. Toraldo di Francia, "Deteri~
oration of the Coherence Properties of a Laser Beam by Atmospheric Turbulence
and Molecular Scattering, " Radio Sci., vol. 1, no, 4, April 1966,
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In addition to the above effects, refractive index inhomogeneities moving relative
to the receiving aperture will cause amplitude and angle modulation as well as
undesirable image motion effects. Angular deviations of the phase front of the
order of 1 to 3 seconds of arc have been observed in small apertures. If these
deviations occur in 0,1 to 0.3 seconds with a 2-cm aperture, a phase shift,
changmg linearly across the aperture at about 1 to 2 hertz, is indicated.

The greatest instrumentation difficulties lie in the mechanical des:Lgn of the rigid
optics required, Random differences in the optical path following the initial
sampling aperture are undesirable. The longer these paths are made the grealer
the chance for error. Processing of the data is simplified if two apertures can be
separated enough to assure complete decorrelation between the two paths, At low
altitudes this may be of the order of meters, but at higher altitudes separation of
several meters may be required. If would probably be necessary to have evacuated
optical paths to assure high accuracy. The other important calibration point is at
minimum separation which should be made small for measurement under severe
atmospheric condition's.

A method of measuring atmospheric perturbations that minimizes the effect of
laser instabilities is shown in figure 9.6, 8.2-1.

Two small apertures of diameter D are capable of being separated at distance p,
which can vary from D to a distance large enough £6 sssure that the phase pertur-
bations at aperture 1 are uncorrelated with those -at aperture 2, The operation of
the instrument is as follows. Nearly monochromatic light from a spaceborne laser
is collected by apertures 1 and 2. ‘The signals at time t, denoted by the subscript
at the two apertures, can be denoted by

Al cosw (t - ‘rl) + 61‘,—

,Az cosw (t - To) + 6't o

2
where A, is the amplitude, w the radian frequency, 7; is the transit time from the
source to the indicated aperture, and. § is a phase angle that is due to instability in’
the laser. Assume for the rest.of this discussion that the phase delay in both arms
of the instrument are equal so that time t can be the time when the delays are
compared at any time in the system. The signal in arm 1 will be attenuated, and
fall on the surface of the photomultiplier with a different amplitude, say

al cos I-w(t - 1-1) + 61: ~ Tl—l
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The signal in arm 2 will be given an additional modulation w,,, (wy, << w) to aid in
further processing of the signal, so that the signal in this arm becomes

a, cos [w(t - 1'1) + wmt + 6t _ 7_1:|

The square law action of the photomultiplier will mix the two signals, resulting in a
de term, higher frequency-terms (which are assumed attenuated by the circuits
following), and the difference frequency term, which is of interest. The term is

K cos [wmt+w(71_72)+6t—1-1-6t—1-2} (1)

Now if 7 - 79 is constant, the output of the filter following the photomultiplier will
be at a constant frequency wy,. If 74 ~ 79 is time varying, however, an angle
modulation will result.

First, consider the relative value of the laser instabilify. Since Ty~ Tg are travel
times over very nearly the same path, they will not differ appreciably so that to a
very good approximation

6t-1- = Gt—q- +6t_1_2('r

-7
1 2 L 2

where the dot indicates the derivative with respect to time. Egquation (1) then
becomes

K cos I:w t+ (w+ 6
m . t -7

) (T ~T)J (2)
5 1 72

where (v is the optical frequency and 6 is the instantaneous drift frequency.
A spaceborne laser may have § as great as 3 x 108 Hz. However, compared to the

optical frequency of 3 x 1013, § < < (», and can be safely ignored, so that the
signal of interest is

K cos |Ewm1: + (Tl - 1'2):’

If this signal is passed through a phase shift discriminator centered at wy,, the
input to the recorder will be a signal proportional to the

wry ~wry =y - Y,
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where )4 - g is the difference in phase (averaged over the small aperture) at two
points separated by a distance p. With proper design, phase shifts occurring at
frequencies as high as 1000 Hz should be recorded. From this record of transit
time delay, further processing will provide the following information., First,
squaring and averaging,

2 = + 2 2
('r1 72) = T Ty TiTy

In that part of the record taken where p is large, T1T9 = 0, and assuming that

T2 2 ' 2
Ty T Ty o them (1 -7y

2
= 27
1
so that the variance in tran81t time can be determined directly. Having found 1-2 ,

at other portions of .the record where p is shorter, the correlation in transit tlmes
as a function of p can be found from

2 © 2
T T =T (fr1 Tz}

2

It has been shown that it is possible, in principle, to measure the phase difference
along a- wavefront between two points separated by a distance p. If the two sampling
apertures are exactly perpendicular to the line between the source and the center of
the interferometer arm, the phase difference is caused by the path differences en-
countered by the light as it travels from the source to the receiving apertures. In
the practical case, the arms of the interferometer cannot be aligned exactly. It is
important to consider the effects of misalignment of the phase front as well as of
the motion of the satellite relative to the apertures of the interferometer,

Although theoretical treatments are available in the literature, a quick éppreciatioq
of the magnitudes of phase front distortions involved can be obtained from the fol--
lowing considerations, As shown in figure 9.6.8,.2-1, a distorted wavefront will
have random displacements that will appear as a phase perfurbation o any aperture
parallel to the "average'' phase front. For a sufficiently small aperture, the
entire wavefront will arrive at an angle, 9, which will cause motion of the entire
image-in focal plane of the lens I.. From measurements made by astronomers, 8
has been found to be up to 3 arc seconds (=15 x 10~8 radians) with the wavefront
correlated up to a distance of 6 inches (15 cm) or movre, in the visible spectral
region () = 0.5 microns) under conditions of great image motion. Extrapolating
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the coherence diameter using the sixth-fifths power wavelength dependence pre-
dicted by the Obukhov-Kolmogorov turbulence theory, (3} a short calculation shows
that the phase perturbation at any point

6
(21)6/ 5 ~ 27 (12) radians

2mp0 (10. 6)6/ ° _ 27 (0.15) 15 x 107

A \0.5 10,6 x 10 °
whichis greater than an optical wavelength, The phase difference measuring instru-
mentation must be capable of measuring and recording phase differences of greater
than a wavelength. Because these phase jumps can occur in 1/10 second intervals
or less, frequency shifts of greater than 30 Hz can be expected under rather ordi-
nary conditions,

Becauseitis desirable to have the two apertures parallel to the average wavefront,
the technique of tracking the source in angle was examined. Assuming that it was
desirable to keep the tracking noise down to say 1/10 of the expected phase devia-
tion to be measured, this would require, for a 1.0 meter interferometer, a track-
ingaccuracy of better than 0.25 microradians (=~ 1/20 sec), which is nearly the
goal for the OTAES, and does not seem to be a reasonable objective for ground-
based instrumentation unless absolutely required.

Another possible source of noise is that due to seismic activity. Observations
have been made of the amplitude of seismic waves (4) of 1/2 to 1 micron with per-
iods of 0,01 to 0. 05 second during which intervals of high activity (winter months)
with larger amplitudes for longer period waves. During microseismic storms the
amplitudes can be much greater. It is estimated that the effects of these distur-
bances can be minimized in the design of the instruments.

Noise due to wind buffeting could also be a problem. Isolation from seismic noise
will introduce a degree of flexibility that must be protected from the wind, Strue-
tures designed to reduce wind effects will serve as thermal sources, as well as
wind deflectors, the effects of which must be considered in interpretation of the
recorded data, Careful design is required to minimize turbulence due to the pro-
tective structure.

In addition to the random noise sources that will cause random errors in the mea-
surement of the phase difference between the two apertures, there will be a bias
component due o the motion of the source relative to the interferometer, A satel-
lite in a 24-hour circular orbit inclined 20° to the equator could have an angular
rotation relative to an interferometer; this represents a frequency difference of
=216 Hz, which would be changing relatively slowly, Measurements made at this

(3)

V.I, Tatarski, Wave Propagation in a Turbulence Medium, McGraw-Hill Book
Co., Inc,, New York, 1961.

(4)Handbook of Geophysics, pp. 12 and 49-50,
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point in the orbit with a 3° field of view could cover an interval on the order of an
hour or so. Subsequent processing of data containing this nearly steady frequency
component should permit separation of the random phase errors from the steady
components.

As previously discussed, expected phase variations can be several wavelengths.
For a 1-meter baseline, an alignment to within'microradians (at visible wavelength)
would be required if the instrument were to be held parallel to the average wave-
front. Wavefronts arriving at an angle will be delayed at the more distant aperture.
However, assuming that the instrument is within 3° (= 1/20 radian), the time delay
(seconds per meter baseline length) is 1/20C, where C is the velocity of light. For
a 6-meter baseline, the delay is 109 seconds, which is two to three orders of mag-
nitude smaller than the period of the highest frequenmes expected, Although this
represents a phase delay of many optical wavelengths, the phase disturbances will
occur over intervals usually greater than 10-3 seconds, and hence should he mea-
surable. Misalignment to the wavefront of large angles could introduce time delays
greater than desired, as well as reduce the base line separation by the cosine of
the angular deviation.

As a result of the above considerations, it is concluded that the phase correlation
measurements should be made without the aid of optical tracking because the track-
ing noise introduced is of the same order of magnitude as the effects being mea-
sured. A fixed interferometer of the type described, oriented within a few degrees
of the average wavefront and properly protected from the wind and seismic distur-
bances, seems within the current capability of optical technology.

The associated phase d1fference measuring circuitry is considered within current
technology although additional study is required o determine optimum circuit
parameters. From information presently available on the power spectrum of phase
variations, variations up to 1000 Hz rates should be measured,

Amplitude correlations can be measured by direct detection of the optical intensities
as shown in figure 9,6, 8. 2-1. Subsequent signal processing is required to reduce
the raw data to log-amplitude variance and covariance in order to compare results,
to theory. A block diagram showing the signal processing circuits is shown in fig-
ure 9.6, 8, 2-2, Log-amplifiers, .differential amplifiers, and multipliers directly
convert the data to log-amplitude covariance for recording and subsequent analysis.

GaAs optical modulators that will transmit roughly 60 to 70 per cent of the light
input have been built. Photodetectors of sufficient sensitivity that will have a pass-
band up to 100 MHz or so are available. The bandwidth of the phase perturbations
should be less than 1000 Hz, and a local oscillator of the desired frequency could
be readily available,
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To reduce angular motion to a minimum, the experiment should be conducted at syn-
chronous altitudes. A diffraction-limited aperture 0.3 meter in diameter, capable
of tracking the receiving station on earth to an accuracy of about one arc second, is
required to provide adequate signal to the narrow aperture required.

9.6,8.3 Measurement Objectives

This experiment will determine the phase and amplitude correlation functions for a
10.6-micron COg laser after transmission through the atmosphere. (O laser
radiation transmitted from space-to-ground will be detected by a dual- aperture,
adjustable ground receiver. Provision must be made for both direct and heterodyne
detection through each aperture. These simultaneous phase and amplitude fluctua~
tion measurements will be made in a variety of atmospheric conditions to obtain
statistical data.

9.6,8,4 Equipment Design

The spacecraft equipment used for this experiment will be the same as used for the
Heterodyne Detection on Earth experiment. The 10.6-micron COg laser located in
telescope no. 2 will be the experiment transmitter (figure 9.6. 8., 4-1),

Two folded optical telescopes evacuated with an ‘aperture of 2 cm in diameter,
capable of focusing their outputs on a common photodetector for the phase correla-
tion measurement. Provision must be made to insert filters and attenuators or
modulators in the optical path of either telescope. Separations up to 2 to 3 meters
could probably be obtained with transportable egquipment, Larger separations
would require fixed installations, possibly having phase-compensated paths at large
separations., This could be accomplished with an aux1llary laser, ground-based.

A high speed photodetector capable of operation at 10,6 microns with signals having
a bandwidth of 2 kHz centered in the 10-80 MHz band is needed for the phase corre-
lation measurements. TFor the direct detection amplitude fluctuations, a nominal
frequency response of 1 kHz is adequate. An optical modulator will be used fo
frequency modulate an incoming laser signal with a 10 to 80 MHz offset frequency
to enable filtering out the de component of the received signal,

Additional equipment unique to this experiment includes

Equipment Control, Sequencing, and Measurements System

Phase Correlation Signal.Processing Circuits
Amplitude Correlatioﬁ Signal Processing Circuits
Signal Storage/Computational Facilities

Experiment Control/Display Console
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9.6,8.5 Data Management

Optical transmitter power and fluctuations in power are telemetered for subsequent
normalization of the received amplitude fluctuations, Ground measured data will be
processed, recorded and displayed as desired at ground console.
The recorded analog data will be analyzed to provide:

a, Atmospheric transmission losses

b. Power spectrum of signal fluctuations

¢, Variance and covariance of amplitude fluctuation versus dual aperture
spacing

d., Variance and covariance of phase fluctuations versus dual aperture
spacing

e. Dependence of data on synoptic conditions,
The equipments aboard the spacecraft that must be operated include:

a, An0,6328-micron stabilized laser transmitter

b. A 10.6-micron stabilized laser transmitter

c. The 1,0 meter telescope, in a tracking mode

d. An 0, 4880-micron tracker for telescope no, 1

e. The 0,3-meter strap-on telescope (no. 2) in transmit mode

f. Transmission monitor for telescope no, 2

g. Transmitter beam spread control for telescope no, 2

h. Transmitter beam point-ahead control for telescope no, 2

j. RF telemetry and beacon system,
The astronauts can operate these equipments using the laser control panels, figure
9.6.8,5-1 (and figures 9. 8.1-1 through 9.8.1-3). Alternatively, this experiment
can be operated from the ground OTTOS-OTAES Control Room (figure 9.6, 2,4, 2-3)

using consoles 1 and 3 (figures 9.6.1.5-6 and 9.6.8.5-2), The OTTOS panels used |
to operate experiment 1 are shown in figures 9,6, 1. 5-8 through 9,6, 1, 5-13,
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Figure 9.6.8.5-1. Star Tracker/Sun Sensor Display Panel
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The ground-based equipment required for this experiment will include:
a. The 10, 6-micron interferometer -- phase comparator

b. The 8,0-meter aperture direct detection telescope, or the 1.0-meter aper-
ture heterodyne detection telescope, for use in signal acquisition and bore-
sighting procedures

c¢. Pointing and positioning equipment
d. 10.6-micron direct or heterodyne receivers
e. Receiving electronics and data handling equipment

f. Control and display consoles for receiving telescopes, receivers, interfer-
ometer, data processing, and recording equipment.

g. 0.4880 laser beacon transmitter
h. Microwave tracker to provide pointing information
i. Bpacecrait telemetry command and display.

The ground-based equipment will be checked for operability before the experiment
is begun. All of the lasers (0.4880-micron beacon and 10, 6-micron local oscillator)
Wwill be turned on and thermally stabilized, and AFC circuits turned on. Cryogenic
cooling will be supplied to the 10. 6-micron heterodyne receiver and to the interfer-
ometer -- phase comparator. Internal checking of the receiving electronics will be
done by injecting an optical signal directly into the photodetectors .and checking the
output against the input for gain and distortion, These functions will all be con-
trolled from the ground station control consoles. Signal processing electronics wili
be self-checked in a similar manner,

The beacon modulator will be operated with selected test signals, and the beacon
output will be measured. Pointing of the beacon will be done by using the inputs
from the RF tracking stations such as Goldstone, and the RF tracking equ1pment at
the optical ground site.

The interferometer and one of the receiving telescopes is pointed at the spacecraft,
using the same pointing signal inputs. More accurate pointing will be done after the
spacecraff signal is acquired by the receiving telescope, and the spacecraft trans-
mitter boresight error is corrected,

The RF telemetry system will be checked for operational status at the spacecraft
status display and control console,
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9.6.8,5.1 Experiment Performance

Radiosonde balloons will be released over a period of several hours prior to, and
during, optical measurements, in order to record upper air conditions, ILocal -
meteorologlcal conditions will be measured near the interferometer. When there
is no interférence from clouds, the spacecraft will be commanded to acquire the
0. 4880-micron ground beacon, to begin fine tracking, and to transmit test signals
on the 10.6-micron downlink. The pointing of the ground receiving telescope, the
beacon transmltter and the interferometer are updated, so that spacecraft and
ground station are accurately illuminating each other. The modulation of the trans-
mitted beam will be a selected narrow-band signal so that the receiver bandwidth
may be narrowed accordingly, giving a good signal-to-noise ratio for the reduced
-signal mtensuzles obtained W1th wide transmitter beamwidths.

The 10.6-micron transmitter is commanded to scan around its line-of-sight, in
order to'measure, and correct, its boresight error. As the pointing accuracy and
the boresight of the spacecraft are improved, the transmitter beam may be nar-
rowed in inc_rements, and a high signal-to-noise ratio achieved in the interferom-
eter system, which has a smaller receiving aperture diameter. The auxiliary
receiving telescope may then be turned off, unless required for another simultan-
edus exneriment.

The effective received coherence diameter at 10.6 microns will be measured over
extended periods of time by varying the separation of the interferometer entrance
apertures and measuring phase fluctuations, These will be displayed at the inter-
ferometer control console, and automatically recorded.

The duration of the phase and amplitude correlation measurement experiment will
be determined primarily by weather conditions, and secondarily by the conflicting
needs of other experiments, such as the transfer of tracking from one ground sta-
tion to another. Data should be taken over periods of several hours at a time,
especially when weather conditions are changing.
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9,6.9., DPulse Distortion Measurements

The atmosphere, as a propagation medium, has been studied intensively by com-
munications engineers. Several methods have evolved for measuring the maximum
bandwidth which the medium can support. One of these, the impulse response
technique, promises additional insight into the physical structure of the atmosphere
as well as a measure of channel capacity, when adapted to optical propagation
studies.

Measurements described in the preceding experiments would provide the spatial
and narrow-band characteristics of atmospheric optical transmission. It would be
desirable to transmit a very wideband signal to observe whether conditions for
selective fading exist. Knowledge of the fading characteristic of the medium can
assist an instrument degigher to choose between an analog or digital system, and
may lead to a preference for non-thresholding detection technigques and redundant
coding. Multipath transmission caused by scatters in the atmosphere introduces a
transit time spread that can limit resolution or distort a message. Time spread
can also be introduced by index of refraction variations, and this effect can vary
drastically with frequency. All these effects tend to limit the laser communication
channel bandwidth or information rate. They are not important in the megahertz
range but are important for gigahertz bandwidths. Time dispersion is especially
important in modulation technigues such as FM and PCM, where ultrawide band-
widths are essential to efficient transmission of megahertz information bandwidths,

One method of determining the phase and amplitude characteristics of a channel is
to transmit a known wideband waveform through the channel and compare the re-.
ceived waveform phase and amplitude characteristics with those of the transmitted
characteristics. By accounting for changes due to the equipment used, the char-
acteristics of the channel can be determined. The transmission, reception, and
display of very narrow pulses are within the capability of present technology

(figure 9.6.9-1)., In fact, a pulse shorter than 1079 seconds has been demonstrated
in the laboratory using a mode-locked helium-neon laser. This technique will per-
mit the determination of channel characteristics up to bandwidths in the order of
109 Hz, well beyond presently definable needs.

The difficulty in instrumenting such a technique lies in the signal strength, hence,
in received signal processing. This difficulty can be circumvented by adopting
sampling oscillograph techniques, Present sampling rates are lower than the high
repetition rates produced by the mode-locked laser, but the required sampling
rates can be generated if development effort is expended. The effects on a wideband
channel are expected to be negligible so that the trace sampled at currently attain-
able rates would be fruly representative of all pulses transmitted. Rapidly varying
eiffects would be revealed by a noisy presentation which would be difficult to analyze
without a real time display. Because effects are expected to be negligible or
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slowly changing (at less than kilohertz rates) the pulse distortion experiment
proposed for OTAES will explore a bandwidth more than adequate for presently
definable needs and may reveal unanticipated limits imposed by atmospheric
effects.

9.6.9.1 Justification

The central physical quantity of the theory of turbulence is the refractive index.
The Obukhov-Kolmogorov correlation function (paragraph 9.1.1) is a rigorous
description which divides refractive index variations into macroscale and micro-
scale disturbances. However, the optical propagation solutions by this theory are
quite incomplete. Some authors have elected to ignore the microscale. This ap-
proach leads to the Gaussian formulation and application of geometrical optics,
but omits the mutual interference of beamlets, restricting its applicability to
ranges of, typically, a few hundred meters,

The Rytov approach, which allows the use of physical optics, extends the solution
to account for refracted beam components but includes approximations which must
be confirmed by experiment at ranges beyond a few kilometers. These approxima-
tions are circumvented by the modulation fransfer function formulation. However,
this formulation contains only limited information since the wave equation need not
be involved. The modulation transfer function for laser beam propagation has not
been obtained.

Computations of the scattering loss at the frequency considered for this experiment
show that such effects would normally be so small as to be undetectable at the power
densities required for the other laser experiments. It is possible, however, that

a particularly favorable geometry combined with an unusual concentration of scat—
terers that are large compared to the wavelength would result in 2 measureable
effect which would reduce the potential bandwidth of optical links.

In order to provide the data required in the design of such links, the characteristics
of the transmission channel must be determined as independently of equipment char-
acteristics as is possible.

One way to examine channel characteristics would be to observe the behavior, at
several suitably spaced radio frequencies covering the bandwidth of interest, of a
modulated optical carrier after transmission over a space-to-ground path. This
technique would require a number of stable RF generators with a fixed phase
relationship in the spacecraft, so that there would be no large gaps in the spectrum.

An alternative way of examining the channel would be to transmit a very short pulse,

of the order of a nanosecond, and observe changes, if any, in the pulse shape re-
ceived after transmission through the atmosphere. Such a pulse contains harmoniecs
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which cover a frequency span of the order of the reciprocal of the bandwidth, in
this case, ~ one gigahertz, Nonlinearities in the phase characteristics of the
channel will be revealed as pulse distortions which can be analyzed to determine
the phase shift characteristics of the channel,

In addition to providing useful information on the phase characteristics of the chan-
nel, a short pulse will reveal the presence of scatterers which could contribute to
multipath effects over the optical channel. Aerosols of various sizes are known to
be present at altitudes of around 70 to 100 km. Scattering from these aerosols
form the "aureole" around the sun's image. (1) Aerosols have also been detected
from back scattered measurements with a high powered laser radar. Because
some of these aerosols are larger than the optical wavelengths at visual frequen-
cies, they may be scattered more in the forward direction, perhaps by orders of
magnitude, than they are in the backward (toward the transmitter) direction, If
the forward scattering is sufficient to cause delayed pulses (computations of the
path geometry required for this to occur are in paragraph 9. 6.9.2) to appear on
the display, the effects on communication rates can be calcuiated . In addition,
these measurements will describe the amplitude and phase characteristics as well
as the time delay characteristics of the.transmission channel, Additional ground
based instrumentation will permit a measurement of the height of the scattering
layers if sufficient scattered power is received.

9.6.9.1.1 Considerations on Pulse Stretching due to Frequency Dispersion
in the Atmosphere

A pulse 1079 seconds long will have a bandwidth of the order of 10° cycles, If the
index of refraction in the atmosnhere is such that the frequency component at one
end of the band is delayed by 1077 seconds compared to the other end of the band,
the pulse would be smeared out to roughly twice its length, It is of interest to com-
pute the rate of change with frequency required for this dispersion to take place.

The travel timme for a particular frequency component to travel a path distance, L, is
L
T = 1 f nR) dx
e
0

where Tis travel time, n is the index of refraction which is a function of A, as well
as position, and temperature, pressure, and water vapor content, and ¢ is the
velocity of light, The dispersion in time between the two extreme frequencies
traveling the same path would be

(1) E. J, Chatterton, "Optical Communication Employing Semi-Conductor Lasers,"
M,IL T. Lincoln Laboratory, Technical Report 392, June 9, 1965,
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Data on index of refraction is usually given as the "Refractive Modulus" 14

‘N = -1y 109
so thart
) L
Ar =1 Ny -N.) 10°°
T =< ( 1- 2) dx
0

If it is assumed that Ny + Nz are constant over the path for this short (at optical
frequen01es) range of frequencies

- -6 ) .
Ar o M1 =Np) LI0T  xNp7 1076
c C

(6,

AT +6
AN =2 20 L10 (7

and since the frequencv soread A F (of 10+9) Hz sec is given by
1 1 AT
F = - e
A c (>t L%, ) X 2 (8)

the required gradient is

AN _ A‘rc2 1076 9
“AN L AF 32 (9)

(2) Handbook of Geophysics, revised ed,, U.S. Air Force, Air Research and
Development Command Maemillan, New York, 1961, p. 13~1,
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To approximately double the pulse length, AT =~ ﬁf‘- and with —:— =~ F, the
above becomes

AN _ 108 F2

AX L (AF)2 (10)

If 1, is given in- microns, Eq. (10) shows the change in N no, per unit change in
wavelength (in microns) required to double the pulse length., For the nanosecond
pulses at 0, 6328 micron over a 100 km path, Eq. (10) results in

N nos.
i of wavelength

AN 5
A~ 25x10 (11)

To compare the above with what is éxpected, use the approximate formula (3) for N

7,52 x 10‘3]
. RS

where N is the refractive modulus for wavelengths > > 20 i and A is given in
microns. Assuming No =~ 300, differentiating with respect to A, resulis in

N = Ne [1 +

3

© 83x300x7.52x10° 27 N nos

dN =
ES (. 63283) @ of wavelength-

The required gradient is'5 orders of magnitude greater than would be expected in
a uniform atmosphere, The approximation made in these computations tend to err
on the conservative side, so that the conclusion is that there will be no distortion
of the pulse due to frequency dispersion in the atmosphere,

1f the transmitted frequency wére on the edge of molecular absorption band it
would be possible for some pulse. distortion to occur because of the unequal absorp-
tion of the component frequencies, As shown in published high resolution (0, 2A)
atmospheric absorption spectr'a(4), a number of sharply absorbing bands exist in

(3 opcit., p. 13-2.

(4) J. A. Curcio, L. F, Drummeter, and G. L. Knestrick, "An Atlag of the
Absorption Spectrum of the Lower Atmosphere from 5400 & to 8520 A, ™
Applied Optics, vol. 3, no. 13, December 1964,
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the visible range. The wavelength of 0, 6328 micron is not near any known ab--
sorption band, however, so that no pulse distortion from this effect is expected,

8.6,9.2 Experiment Design

The characteristics of the transmission channel must be determined as independ-
ently of equipment characteristics as is possible, It is the objective of this ex-
periment to describe the "impulse response' of the atmosphere in order to describe
the character of the communication. channel:provided by the atmosphere under a
variety of transmission conditions,

One method of determining the phase and amplitude characteristics of a chamnel is
to transmit a known wideband waveform through the channel, and compare the re-
ceived waveform phase and amplitude characteristics with those of the transmitied
characteristics. By accounting for changes due to the equipment used, the char-
acteristics:of the channel can be determined, . In this experiment, short pulses can
be generated in the spacecraft at optlcal frequencles, using a multi-mode laser in
the mode~locked condition. The effect of the atmogphere on these pulses is meas-
ured on the ground. Mode-locked lasers have been tested in the laboratory at this
frequency, and considerable success has been achieved in the dlsplay of nanosecond
pulses in certain nuelear appllcatlons. This techmque will permit the determination
of channel characteristics up to bandmdths in the order of 109 Hz,

9.6.9.2.1 Pogsible Multipath Delay

If it is assumed that the center of the transmitter beamwidth ( ¢) is accurately
aligned with the center of the-angle.of, view ( A) cone angle, the geometry shown
can be used to compute possible multipath delays, Misalignment of the beam anc
viewing cone.angle could lead to-larger delays than computed here. -Although
scatterers could be located anywhere within the peamwidth and view angle, the
greatest delay will occur. when the scatterer is.at S;,the intersection. of the view
angle cone and the transmitting beamwidth cone, - As indicated in figure 9.6, 9..1-1
the maximum path difference A p (Path TSR - r) is given by

J-(r—h)z-'-l-‘hztapz-—- 4112 hztan2? -T - Ap

2,

Assume, for space to ground transmission, that r > 2h. If A/2 is less than 10
milliradians, so that tan 6 / 2 = 6 / 2, and using the approximation
1,1 X2 =~ I + Xz/ 2 for X < 1 the above equatmn reduces to
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(r - h 1+_h__.e__ + h [1+E._] -r = Ap

8(r-h)2 8
2 2 Wz
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since % < (1 - E) < 1, the worst case for an r is when r = 2h, so Eq, (1) becomes

2
8 A (2)
7 h=Ae
N Ap . - .
and A r, the path delay, is given by < where C is the velocity of light,
2

_ 6 h

At = T C (3)

If his 100 km, 8 = 10™° radians

-6
107° 100 | _ 1
At = ~ 3% 105 109 75~ hanoseconds

and probably could nof be detected. However, at certain slait paths, h could be
500 km, and if f is say ‘3 x 1073 radians, AT increases by a-factor of 45 to become
~ 4 nanoseconds, which could possibly be measured if the scattering cross sections

are sufficient,

In the foregoing computations it is assumed that the scatterers are located at the
intersection of the beam angles. Normally this will not be true, so that the actual
multipath will probably be less than indicated in figure 9.6, 9.1-1, I the scatterers
are in a layer, at some distance other than that defined by the cone intersections,
one beam or the other will limit the maximum multipath delay. As shown in the
figure, the transmitting beamwidth, ¢, is given approximately by

hA

< o .
. A, ¢ 0.01 radians (4

¢ =

For earth-space applications 8 will be kept as small as is consistent with system
considerations. For a given 6, reducing ¢ to as small a value as possible forces

I1-254



a reduction in h, the range to péssible scatterers, which reduces the duration of -
possible multipath delay. Valués of multipath delay for various distances to the
scatterers are plotted in.figure 9,6.9,1-1, Values of'¢ on the r> > h curves are
computed for synchronous.altitudes. As shown by the curves of figure 9.6,9,1-1,-
possible multlpath delays are expected to-be very small, A very-short pulse is.re-:
quired for their measurement. If scatterers are found in sufficient number, of the
proper size, and in a favorable geometry, some multipath might be observed. Com-
putations of the scattering cross sections required show that the probability of thlS
event will be low, .

If Eq. (1) and Eq. (4) are used, and dividing by the velocity of light,.the maximum
multipath delay (scatterers located at the intersection of the cone angles, A 7)
becomes for small angles,

AT =T (5)

This form of.the equation’is not particularly adaptable to earth-space applications,
however; if it is assumed that the maximum height of scatterers is of the order of
100 km, a maximum range to the scatterers on a slant path is 500 km. In Eq. (5)

the distance to the scatter is not explicit,

9.6.9.3 Measurement Objective

This experiment will determine if laser beam transit-time fluctuations are caused
by the atmosphere. Ultrashort optical pulses transmitted from space-to—ground
will be saimpled and compared with reference waveforms to detect any pulse shape
degradation or distortion, Harthonic analys1s of distorted pulse shapes will deter~
mine the maximum information bandwidth limitation of the atmosphere, Pulses
will be transmitted in a variety of atmo'spheri_c conditions to obtain statistical data,
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9.6.9.4 Eqguipment Desgign

The spacecraft equipment used for this experiment will be the same as used for
the Heterodyne Detection on Earth experiment (paragraph 9. 6.1 and figure
9.6.9.4-1), One of the two dual He-Ne transmitter units located in telescope

no. 1 will be mode-locked to generate the short optical pulses. Figure 9. 6.9,4-2
shows the dual He~Ne transmitter unit,

9.6.9.4.1 Pulse Generator with the Mode-Locked Laser

An He-Ne laser longer than about 10 cm has enough gain to oscillate at several
frequencies simultaneously. The actual frequencies are determined by the laser
resonator cavify, i.e., the separation between the laser cavity mirrors, The
frequency spacing between oscillating modes is given by C/2L, where C is the
velocity of light, and L is the length of the cavity, A laser 0,75 meters long will
have mode spacing frequency of 200 MHz,

A laser of this Iength will have a number of independent modes oscillating, spaced
by 200 MHz, over the whole region in the optical band where the laser gain is
sufficient to support oscillation, The He-Ne transition at 0. 6328 microns has a
Doppler broadened gain curve that is about 1600 MHz wide, so that a family

of about 10 separate oscillations can be sustained by a 0.75-meter laser.

It should be noted that these are independent oscillations. Their frequencies and
phases are only weakly coupled to other oscillations, through such competition
effects as "hole burnings, " ete, If the light output is detected by a phototube, the
beats between neighboring oscillations canbe observed as 200 MHz modulation on *
the beam. Next-to-nearest neighbors generate a 400-MHz beat, and so forth., The
phases of the modes are essentially random, however, so that the power of the
200-MHz beat signal does not increase linearly with the number and power of the
contributing modes, but increases in a random-walk manner instead. The total
output power fluctuates slightly because of mode competition effects, making the
multimode laser a noisy transmitter.

This situation can be dramatically cleaned up by the use of an electro-optic phase
modulator, placed within the laser cavity as shown in figure 9.6.9-1. When the
modulator is driven by an external oscillator at exactly the mode spacing frequency,
C/2L, each of the modes generates sidebands on top of all the others. In a very
short time the original set of modes is quenched and is replaced by a new set of
oscillations,
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The new. set of modes are strongly coupled to. each other, as the phase modulator
is continually transferring energy .between them. They are: (a):separated by
exactly the frequency of the driving-oscillator, and mode-pulling effects in the .- .
free~running laser are eliminated; and (b) their phases are not random but locked
in step, so that the laser output becomes a series of very rapid pulses. The
pulse width is roughly one nanosecond, and the PRF is 200 MHz, for the He-Ne
laser described earlier, giving a duty cycle of 10 per cent. .

The average power output of the laser is not changed during mode-locked operation,
Thus the peak pulse power will be many times the average power -- higher, by the
reciprocal of the duty cycle, a factor of 10 in this case, The RF power required '
to drive the modulator is not large -- less than one waltt.

The mode-locked laser is a unique transmitter source, It generates sub-nanosecond
pulses at extremely high PRFs, and it can be easily implemented. The only re—
guirements beyond those of a free-running. laser are a low-loss modulator, its
drij.rer, and oscillator.

The presently desighed spacecraft multimode He-Ne laser fransmitters have ap-
proximately a 75-cm long optical cavity. In mode-locked operation, the transmitted
pulsewidth is about 0. 6 nanoseconds to the one-half intensity points with a PRF of
200 MHz,

9.6.9.4.2 Ground Receiver Signal Processor

The optical pulses are detected on earth with a wideband crossed-field photo
multiplier and analyzed by high-speed sampling techniques to measure pulse
distortion,

A very significant advance in ultra-wideband sampling devices, recently announced
by H-P Associates, 9) is the development of a 28-picosecond wide sampling gate,
This gate will permit very fine time resolution of the optical pulse, At the present
time the sampling rate of the H-P gate is about 100 KHz. However, private commu-
nications with Dr, Cowley of Hewlett-Packard Associates, Palo Alto, California,
indicate.that a 10-MHz sampling rate can be expected in the near future. - Fairchild
Semiconductor, Mountain View, California, is also developing high PRF wideband’
sampling gates, In private communications to Sylvania, they have recently reported
operation of a 100-picosecond gate at a.PRF of 100 MHz, The high sampling rates of
these gates ingsure that the incoming optical pulse is sampled before any atmospheric
changes oceur,

{5) "A DC to 12, 4 GHz Feedthrough Sampler for Oscilloscopes and Other RF
Systems," Hewlett~Packard Journal, Oectober 1966, pp. 12-15.,
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The space-to-ground pulse propagation experiment is fairly easy to implement
and requires no unique spacecraft equipment. The major equipment necessary to
conduct the pulse distortion measurements is discussed below.

9.6.9.4.3 Equipment Required

9.86,9.4,3.1 ©Spaceborne Equipment

The spaceborne equipment is common to the space-to-ground heterodyne link, The
optical pulses are obtained by mode~locking either of the two He-Ne lasers located
in the 1,0-meter aperture telescope., Verification of the mode-lock condition is
telemetered from the laser mode beat detector used in the stabilization circuit,

9,6.9.4.3.2 . Ground-Based Equipment

The 1, 0-meter telescope used for-the heterodyne downlink equipped with a wide-
band crossed-field photomultiplier detects the optical pulses. Equipment unique
to this experiment includes:

- a, Experiment Control, Sequencing, and Measurements Systen

Pulse Distortion Signal Analysis Circuits
Signal Storage/ Computational Facilities
Pulse Distortion Control/ Display Console

9.6.9,5 Data.Management

A simplified block diagram, figure 9.6,9,5~1, shows the ground station pulse
distortion signal analysis technique. The optical pulse is photodetected by a cross—
field phototube with frequency response from baseband to about 3 GHz, The elec-
trical pulses are sent to a phase comparator/AGC unit which synchronizes the in-
coming pulse train fo a local reference pulse and normalizes the pulse height.

The p'ulses are then sampled by an ulira-wideband, high PRF gate into approxi-
mately 100 resolution cells. The sampled pulse'is temporarily recorded on a video
tape recorder. The sampled pulse is then compared to a standard, nondistorted
reference signal, If deviations in pulse shape due to transit-time dispersion are
noted in the threshold/logic unit, a permanent tape of the incoming sampled pulse
is recorded, Otherwise, the temporary recording is erased and the measurement
cycle repeated, Transit-time dispersion is measured by subsequent harmonic
analysis of the distorted pulse shape..
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The equipment aboard the spacecraft that must be operated include:
a, An 0.6328-micron stabilized multimode laser transmitter

b. Either the 1, 0-meter or the 0, 3-meter gimbaled telescope, in a
transmit mode

c. An 0,4880-micron tracker for telescope no, 1 or no, 3

d. Transmission monitors for telescope no, 1 or no, 3

e. Transmitter beam spread controls for telescope no. 1 or no, 3

f. Transmitter beam point-ahead controls for telescope no. 1 or no. 3

g. Transmitfer optical attenuators for telescope no. 1 or no. 3

h, RTF telemetry and beacon system.
The astronaut can operate these equipments using the laser control panels figure
9.6.9,5-2 (figures 9.6.1.5-2 through 9.6, 1.5-4). Alternatively, this experiment
can be operated from the ground OTTOS~-OTAES Control Room (figure 9. 6,9, 5-3)
using consoles 1 and 3 (figures 9,6.1.5-6 and 9.6.8,5-2). The OTTOS panels used

to operate experiment 1 are shown in figures 9.6.1.5-8 through 9.6.1,5-13,

9.6.9.5.1 Spacecraft Equipment Test and Checkout

To assure satisfactory performance, the equipment alignment must be ‘optimized
and periodically repeated. Alignment of the laser and telescope can be determined
by operating the boreshight error measurement equipment on the control panel and
determining the magnitude of this error. Adjustment of diasporameter ‘controls
will be made to minimize the boresight error, Tuning of the laser to obtain
optimum efficiency will be done by adjusting the laser mirror controls to maximize
output power for fixed input power, Laser AFC and mode-locking circuits are
automatic in operation and require only recheck of status indicator lamps, Tele-
scope fine fracking functions are also automatic once they are-initiated,

9.6.9.5,2 Ground Equipment Test and Checkout

The ground-based equipment required for this experiment will include:
a. The 1.0-meter aperture heterodyne receiving telescope

b, Pointing and positioning equipment
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¢, 0.6328 micron heterodyne receiver

d. The 8, 0-meter aperture direct detection telescope
e. Pointing and positioning equipment

f. 0.6328 micron direct detection receiver

g. Receiving electronics and data handling equipment

h. High-speed sampling circuit for pulse shape analysis

i. Control and display consoles for receiving telescopes, receivers,
data processing, and recording systems

j« 0.4880 laser beacon transmitter
k., Microwave tracker to provide pointing information
L. Spacecraft telemetry command and display,

The ground-based equipment will be checked for operability before the experiment
is begun. All of the lasers (0. 4880-micron beacon, 0,6328-micron local oscil-
lator) will be turned on and thermally stabilized, and AFC circuits turned on, In-
ternal checking of the receiving electronics will be done by injecting an optical
signal directly into the photodetectors and checking the output against the input for
gain and distortion, These functions will all be controlled from the ground station
control consoles. Signal processing electronics will be self-checked in a similar
manner.

The beacon modulator will be operated with selected test signals, and the beacon
output will be measured. Pointing of the beacon will be done by using the inputs
from the RF tracking stations such as Goldstone, and the RF tracking equipment at
the optical ground site,

The 8, 0-meter direct detection and the 1, 0-meter heterodyne receiving telescopes
are pointed at the spacecraft, using the same pointing signal inputs. More accurate
pointing will be done after the spacecraft signal is acquired by the receiving
telescopes,

The RF telemetry system will be checked for operational status at the spacecraft
status display and control console,
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9.6.9.5.3 Experiment Performance .

Radiosonde balloons will be released over a period of several hours prior to, and
during, optical measurements, in order to record upper air conditions. Local
meterological conditions will be measured near the receiving telescope, When
there is no interference from clouds, the spacecraft will be commanded to acquire
the 0. 4880-micron ground beacon, to begin fine tracking, and to transmit fast
pulse signals on the optical down links. The pointing of the ground receiver and

the beacon transmitter is updated, so that spacecraft and ground station are accu-
rately illuminating each other. The receivers will be operated at first with narrow
bandwidths centered at the fundamental PRF being transmitted from the spacecraft,
giving a good signal-to-noise ratio for the reduced signal irradiance obtained with a
wide transmitter beamwidth,

As the pointing accuracy of the spacecraft telescope is improved, the transmitter
beam may be narrowed and the ground receiver bandwidth increased. This will in-
clude the higher harmonics of the PRF and allow the signal sampling circuits to
analyze the pulse shape. Fading rate, signal dropouts, and signal-to-noise ratios
will also be determined over extended periods of time. Fluctuations in beam
polarization will be continually measured, and unexpected anomalies displayed and
recorded.

Phase noise introduced by the atmosphere will be measured, and selected portions y
of data will be recorded, .

Many of these measured quantities may be varying at up to 1 kHz. Extensive
preprocessing will be used before data are recorded. It is expected that pulse dis-
tortion effects will be strongly dependent upon upper air scattering and turbulence
conditions, so that a large fraction of the received pulses will be undistorted, Raw
data from the direct detection of heterodyne receivers will be stored only while
processing takes place, and then erased. Anomalous, or out-of-limit pulses will
automatically be retained for later analysis. The magnitudes of, and the statistical
distributions of the anomalous data are the most important information,

The duration of the pulse distortion measurement experiment will be determined
primarily by weather conditions, and secondarily by the conflicting needs of other
experiments, such as the transfer of tracking from one ground station to another,
Data should be taken over periods of several hours at a time, especially when
weather conditions are changing,
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9.7 GROUND STATION REQUIREMENTS

Performance of the proposed OTAES optical propagation experiments will depend

to a large degree on the optimization of the signal-to-noise ratio. Background il-
lumination must be avoided, as must scintillation which gives rise to one form of
signal fading. Hence, the ground-based experiment optics are designed to:

(a) limit the field of view of the detector, thereby eliminating as much background
illumination as possible, and (b) form as sharp an image as possible, which im-
plies excellent seeing conditions and freedom from dancing. In this respect, the
Optical Technology Test and Operations Station (OTTOS) requirements are similar
to those for photography of stellar images; but the OTAES propagation experiments
must operate in daylight as well as at night. The importance of high resolution is
greatly accentuated for daytime experiment. As in image viewing, a large objective
is desired to provide good image brightness (when the background is below detection
level) and high resolution. The requirement for low sky brightness is similar to
the requirements of a photometric observatory with the added provision that daytime
sky brightness might well be the controlling feature. This imposes a requirement
for low atmospheric haze and freedom from cloud, even thin cirrostratus. The re-
quirement for minimum scintillation implies that the effects of the upper atmos-
phere will also come into play; this phenomenon does not trouble most other ob-
servatories.

An astronomical observatory is often concerned with the quality of its best observ-
ing conditions; the ocecasional outstanding result among many observations may
justify months of observing. For the ground-based elements of the OTAES Optical
Propagation Experiments, on the other hand, the opposite end of the performance
scale becomes important; namely, the bad "observing" conditions or total outage.
OTAES statistical data must be gathered over a period of many hours and repeated
for many days. Signal distortion measurements must be made through the entire
sensible atmosphere, along slant and near-zenith paths; and results must be cor-
related with observable meteorological parameters. To this end, it is desirable to
have a site for which: (a) seasons of significant downtime due to weather are pre-
dictable; and (b) during other seasons, the probability of unpredicted downtime is
low; and, particularly, the probability of an extended run of outage time is small.
Astronomical observatories focus attention on the best of their performances, for
these determine their best achievements. The OTTOS must be evaluated in terms
of its worst unpredictable performance.

It is known, a priori, that certain regions are incompatible with the OT AES require-
ments. These are: (a) zones subject to commercial air traffic, (b) zones with high
likelihood of jet contrail interference, and (c) zones subject to dense air pollution
from urban centers. The objection to aircraft in flight rests not only on possible
interference with experimental procedure caused by temporary interruption of the
telescopic line-of-sight, but also upon the possible laser radiation hazard to airborne
passengers and crew. The exclusion of airways tends to exclude a large fraction of
the total land area, with increasing area eliminated around the larger coastal cities
because of the convergence of air lanes near urban centers.
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Positive OTTOS criteria would include an elevation over 6,000 feet above sea level,
wooded surroundings, and a rock stratum for foundation support. The mechanics of .
providing an adequate foundation dictate that the ground must have a high bearing
capacity, without the slipping or creeping which would be encountered with clay or
silt. This is further emphasized by a finding of the Bureau of Mines, which has de-
termined that solid unbroken rock strata attenuate the amplitude of an earth wave to
one-tenth the amplitude through "normal ground." Earth-wave amplitudes through
sandy soil may be three times greater than those through "normal ground."
Typical OTTOS sites which might satisfy these requirements are:
a. Atascosa Peak, Arizona
b. Capitan Mountains, New Mexico
¢. Chiracahua Peak, Arizona
d. Chisos Mountains, Texas
e. Guadelupe Mountain Range, New Mexico
f. Kingston Peak, California
g. Mount Wrightson, Arizona . '
h. Sacramento Mountains, New Mexico

i. White Mountains, California.

9.7.1 Particular OTTOS Facility Requirements

The measurement precision required in certain of the OTAES optical propagation
experiments implies seismic and meteorological isolation. These instruments
include:

a. Two tracking telescopes of nominal 1.0-meter aperture. These instru-
ments will have all-reflective optics and a fine-pointing capability of +5
microradians. One of these tracking telescopes is to serve as the 0. 488~
micron transmitting aperture attached to the gimbaled telescope array.

b. An 8-meter segmented optical aperture capable of +50 microradian tracking
accuracy.

¢. A similar 3-meter segmented optical aperture.
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d. Two gimbaled arrays of sixteen 12.7-cm diameter telescopes. One array
is to be separated by about four miles from the main (1. 0-meter aperture)
facilities.

e. An evacuated 10-micron optical interferometer having 2-cm receiving
apertures which may be separated at sequential intervals to a distance
of 10 meters.

f. A nominal 0.3-meter, all-reflective, transmitting telescope {0.6328-micron
and 10.6-micron transmitter)

Each of these precision devices will require power supply/conditioning equipment
and specialized experiment signal processors.

Because the laser propagation experiments, taken together, constitute a study of
the optical properties of the atmosphere, a frequent closely spaced sampling of the
state of the atmosphere is required. The OTTOS must therefore be equipped as a
meteorological ground station, augmented for the coordination of rawinsonde/
rocketsonde operations distributed up to 150 miles south of the optical instrumenta-
tion site (section 19).

Furthermore, to make maximum use of the NASA Tracking and Data Acquisition
Networks, yet permit experiment control at the optical site during critical periods,
the following experiment support facilities will be required as a minimum:

a. Three experiment control consoles adequate for hand-off control during
critical experiment periods

b. Two 642B computers

¢, Two data links to the DSIF and MSFN having a 51, 200 bits per second
capacity and a communication control console

d. A backup commercial video link (5 MHz) to the nearest LE-350 computer
site (e.g., Goldstone, Houston, etc.)

e. A microwave tracker
f. Programmable pointing drive devices for the seven telescopes and arrays
g. Two video tape recorders.

During the period when the optical propagation experiments are active, the OTTOS

test conductor will require access to spacecraft telemetry data which is being trans-
mitted at a rate of 5 x 104 bits per second, video data which is a maximum of 0.5 MHz,
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and DSIF tracking and mensuration data which will not exceed 103 bits per second. .
Normal voice (typically 20 voice lines) and teletype (typically 16) communication be-

tween OTTOS and (a) the DSIF ground station and (b) the control center at MSC will

be required. Facsimile communications from the NASA meteorological network will

be required. Figure 9.7.1-1 shows an OTTOS concept which would satisfy the sup-

port requirements of the OTAES Baseline Mission.
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9.8 EXPERIMENT PROCEDURE

9.8,1 Initial Conditions for the Optical Propagation Experiments

Performance of the Optical Propagation Experiments will require that the spacecraft
roll axis be aligned to the sun line-of-sight and that the vehicle be stabilized on the
sun and microwave tracker signal (figure 9. 8. 1-1). The ground station argon

laser beam will be pointed at the spacecraft. All controls on the one-meter

and 0, 3-meter telescope panels (figures 9. 8. 1-2 and 9, 8. 1-3) and the laser

power supply panel (figure 9. 8. 1-4) will be in the off position.

9.8.2 Laser Transmitters

a, Turnon the 0.3- and 1. 0-meter telescope laser transmitters.

b. Stabilize and evaluate performance by measuring laser input power, laser
output power, and modulator performance. Input power will be measured
with meters on the laser control panel and may be increased or decreased
by knob controls on the panel. Output will be measured with the transmis-
sion monitor and will be displayed by a meter on the control panel. Output
will be controlled by adjusting input power with the optical attenuator set
in the open position.

c¢. Optimizing of output power may be done by operating controls that align the
laser mirrors and adjust the cavity length to center the laser output in the
fluorescent band. This latter function will be performed automatically by
the laser AFC circuit.

d. Check proper operation of the AFC circuits with oscilloscope monitoring
if the panel warning light for excessive AFC voltage is lit.

e. The modulator's performance will be determined by operating it with a
selected drive signal and observing the transmission monitor outputs on an
oscilloscope display or TV monitor. Time must be allowed for the lasers
to come to thermal equilibrium within the telescope wells.

9.8.3 Coarse Acquisition

Acquire Canopus with star tracker. Canopus tracker gimbal angles will be re-
quested from the ground station and inserted by thumbwheel control. The slew
button will be pressed and lock-on observed to verify acquisition.

Acquire the white light beacon with the planet tracker. The 0.3-meter telescope
gimbal angles will be requested from the ground station and inserted by thumbwheel
control on the lower left on the center panel. Press the slew button and observe
lock-on signal to verify acquisition by planet tracker.
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At this point in the procedure, the Direct Detection experiment may be performed
since the transmitter lasers are operating; and this experiment does not require
precision pointing.

9.8.4 Boresighting —- Telescopes no. 1 and/or no. 3

Turn on 0.4880-micron laser tracker with switch on tracker control panel.

Turn on 0.6328-micron local oscillator laser, and open the shutter between

Turn on modulator in this beam, and balance the tracker electronics by
adjusting phototube gain control knobs on tracker control panel. When the

Open the shutter in front of reference optical flat, and activate boresight

Verify correct execution of boresight by panel meters on telescope tracker

Acquire argon laser beacon with the 0.3-meter telescope tracker. This is
done automatically without manual intervention. The tracking mode signal

Direct the 0.3-meter down beam to ground station, with the 0.3-meter
0.6328-micron transmitter and the ground station receiver operating.
Press the boresight button and relay the offset readout to the ground sta-
tion. Request the point-ahead coordinate from the ground and insert by
thumbwheel controls. Set the beamwidth of the telescope at 6 arc seconds

a.
b.
local oscillator laser and tracker.
C.
balance has been obtained, close the shutter.
d. Set beam spread control to "max' and set optical attenuator.
e.
mode of point-ahead diasporameter control.
f. Set beam spread control to "min."
g.
control panel.
h. Deactivate boresight mode, close shutter.
9.8.5 Intermediate Acquisition and Fine Pointing
a.
is observed to verify acquisition.
b.
and verify reception of the laser beam by the ground station.
c.

Ground station acquisition. With the ground receiver, using a wide beam,
the 0.6328-micron beam will be tracked optically and will then reduce the
argon laser beamwidth to 6 arc seconds, improving the signal strength at
the spacecraft.
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Reduce telescope beamwidth. Manipulate the point-ahead thumbwheel to
maximize received signal, and then reduce beam spread angle until the
beam spread is set at 0.5 arc seconds, and the ground station verifies a
satisfactory signal.

Switch control to the 1. 0-meter telescope. Set the 1.0-meter telescope
gnnba.l angle thumbwheel to agree with the 0.3~meter telescope gimbal
angles and check that the tracking mode light of the 1. 0-meter telescope
is on. If it is not on, insert the fine beam deflector offset taken from the
0.3-meter telescope and observe light. The transmitting laser in the 0.3-
meter telescope may be turned off. .

Press the boresight button and relay offset readout to the ground station.

.Set the beam-spread control to 1.0 arc second, request point-ahead co-
ordinates from the ground station, and insert by thumbwheel control.

Verily acquisition of signal by the ground station.

Fine Pointing. Manipulate the point-ahead thumbwheel and the beam—sprec
selector switch until the beam has been narrowed to 0.1 arc second and the
signal is satisfactorily received at the ground condition.

When fine pointing has been verified, the following experlments may be
performed: (a) Heterodyne Detection on Earth, (b) Megahertz Optical
Communication, (¢) Atmospheric. Scintillation Experiment, and (4) 10~
micron Phase and Amplitude Correlation.

- . .Deep Space Simulation, - Repeat (e) with attenuator-in place at all trans-

mltters to simulate the deep space range and by insertion of signal delay.

9.8.6 Operation of Receivers

a.

The beacon TECEIVETrS 8Ye e wiivwr worevrauis LTUSLYCLD LU LSLESUU PSS (V. L

and no. 2. They are turned on by operating the appropriate switch on the
left-hand side of the Laser Power Supply Panel. Application of power will
also activate the telemetry chamnel for return of received data to the ground
station and insert the flip beam splitter in the optical path for telescope
no, 1,

The heterodyne receivers will be operated by turning on the local oscillator
laser in telescope no. 1. This most likely will have been operating for som
time to provide a reference signal for gain stabilization of the tracking re-
ceiver,

. - When the local osc1llator laser is stabilized, the receiver no. 1 detectors

will be turned on by operating the receiver no. 1 detector switchaa an the
left-hand side of the Laser Power Supply Panel.
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The flip mirror switch ontne L.v-meler teiescope panel wiil pe operaiea
to direct the incoming energy tothe receiver. This will also provide for
the data processing of the detector output.

Proper operation of the receivers can be determinéd by observing the wave-
forms of each detector on the video monitor- panel and measuring the de
component of the heterodyne detector to verify the local oscﬂlator input.

With the operation of the receiver verified, ‘the Heterodyne Detéction on the
Spacecraft Experiment may be performed.

The receiver operation procedure mdy be performed immediately after the
boresight procedure so that thé Heterodyne Detection on the Spacecraft
Experiment may be initiated as-socn as the prec131on tracklng of the tele-
scope has been verified.

9.8.7 Spacecraft Support Requirements

The Optical Propagation Experiments group will require supporting facilities from
the spacecraft. This will include physical support, prlme power, operating controls,
information display and data handling,

a.

Physical Support requirements are best illustrated by the telescope draw-
ings in section 9.5, "Laser Telescopes. !

Prime Power requirements will vary with time of operation of the éxpe;:'i—
ments and are shown in graphical form in section 14. 0, "Electrical Power
Subsystems, " and section 28, 0, "Data Management, !

Operating Controls and Information Displays in the spacecraft for thes.

-experiments are located on

1) the 1.0-metier ftelescope panel

2) -the 0.3-meter telescope panel

3) the laser power supply panel

4y star tracker/sun sensor panel.

These are shown in figures 9.8.1-1 through 9.8.1-4 of this section.

Data Handling will require a number of telemetry channels to return infor-

‘mation to the ground station. The channel requirements and bandwidth
characteristics are described in section 2.8, "Data Management Subsystem."
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9.8.8 Ground Station Support Requirements

The ground station is described in detail in section 28.0. Certain facilities of the
ground station are required specifically for this experiment éroup. This includes
the several transmitting and receiving telescopes with their mounts and controls.

Special activities will be required at the ground .station for the performance of these
experiment

Radiosonde balloons will be-released over a period of several hours prior to, and
during, optical measﬁrements , in order fo record upper air conditions. ZLocal
meteoroldgical conditions will be measured near the receiving telescope. When-
there is no interference from clouds, the spacecraft will be commanded to acquire
the 0.4880-micron ground beacon, to begin fine tracking, and to transmit test signals
on the optical downlinks. The pointing of the ground receiver and the beacon trans-
mitter is-updated, ‘so that spacecraft and ground station are accurately illuminating
each other.
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9.9 SUTPORTING ANATYSNS

9.9.1 Bupporting Analysis -‘Pointing and Trééking

9.9.1.1 Detector Comparison

9.9,1.1.1 Image Dissector

In the image dissector tracker, laser light is brought to.a rocus ‘on the
image dissector cathode, forming an electron analog image. The electron
image is electrostatically (or maghetically, depending on tube type)
scanned along two orthogonal axes past an aperture, and the output i
relayed to the anode via an electron multiplier section.

Consider the scan signal along a single axis when a sinusoidal signal is
impressed on.one pair of deflection plates. When the laser beam is-imaged
at the center of the scan oscillation, & presence signal is developed at
twice the frequency of scan.

For an offset condition, the signal harmonic content shifts to the fund-
amental of the scan frequency, and the offset direction can be detected by
synchronous phase detection. A serious problem exists, however, dus to a
number of tracking conditions which make the image dissection tracker very
difficult to implement, | ’

As will be shown, (section 9.9.1.2) earthshine, even after limiting with a
1 Angstrom filter, is brighter than the laser signal, for the deep space
case. In fact, the earth will be imaged in the focal pPlane of the telescope
and would cause an offset unbalance even for the quadrant photomultiplier
detection system, unless the ground beacon is modulated. With modulation,
the signels can be processed through a narrow-band filter whose center is
the modulation freguency. The filter is made wide enough to pass the
spectrum of angular disturbances that are to be tracked. As the image is
Jittered about in the focal plane due to the mechanicsl disturbances, each
detector of the quadrant will "see" an AM signal, provided the carrier
frequency is widely separated from that of the spectrum of mechanical dis-
turbances and frequency modulation does not become s problem,

The signal processing techniques ordinarily used for the image dissector
trackers will be quite complicated since there will be frequency modulation
of the carrier as the image dissector scans the ground modulated laser
image across the aperture. The signal will require additional multiplexing
down from the ground modulsted laser frequency to the image dissector scan
frequency before standard synchronous detection techniques can be employed.
A second difficulty arises as a result of the image dissector scanning
across the Earth's limb and terminator as it will appear in the image
dissector focal plane. The resulting step signal containing higher har-
monics may be confused with the laser signal itself. Possible additional
problems involve structural and electrical ingtabilities of the image
dissector tube and its associated equipment.
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These stability problems could possibly be alleviated through the use of a
toroidal reflector in the imaging system. This technique would also avoid
the problem of balancing the four separate detectors needed for the quad-

rant photomultiplier technique. The other imsge dissector problems, such.

as error due to modulation of the Earth's image, and signal processing
complexity, remsin, however,

9.9.1.1.2 Quadrant Photomultiplier Tracker

Figure 9.9.1.1-1 illustrates the operation of the guadrant photomultiplier
tracker for one axis. Figure 9,.9.1.1-2 illustrates the techniques used
for developing the tracking error signals for both axes, and a presence
signal, from the outputs of the four photomultipliers. The photomultiplier
is conceptually used in the telescope trackers; further properties of

these detectors are evident in the acquisition signal-to-noise analysis
following, '

To Telescope Gimbal Drives

: D— To Fine Beam De'ﬂec_tor
iFigure 9.9.1.1~] Quadrant Photomultiplier Space Tracker

Configuration
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9.9.1.2 Deep Space Acquisition

2.9.1.2.1 Signal Power

At the start of the acquisition process, the deep-space vehicle's angular
position is kgown to the Earth Station to a 3 sigma error of about #£2.5
arc_seconds(1'¥ A beam with divergence of 50 arc seconds is therefore use
at the Earth-Station, to insure illumination. (See section 9.6.5.1.2.2.)
The total power received by the space vehicle at range R, using a telescope
with aperture diameter D is

L w'De D 2
Pr=Pg x 5 X XA = PA | —
- (RO L. RA

where:
8.is the divergence of the transmitted beam

A is atmospheric transmission

for:
Ptl = 107 yatts
R = 1 AU = 150 x 107 meter
D = 38" = 0.965 meter (for 1.0 meter telescope)
8 = 50 arc sec = 0.2b2 x 1073 yag |
A-=:atmospheric transmission for 4880 Angstrom laser & 0.7
Priq = 495 x 10713 yatt (for 1.0 meter telescope)

For ﬁpq 0.3 meter telescope, this energy is reduced by the factor,

20,3 2. _, 0.3 2
.( .) s or Pr_l"p = ()-I-.95 x 10 13) ( ——) = 4 .77 'It"l-]'l|
"\ 02965 1.965

(1} G. Stauss, "Study of Laser Beam Pointing Problems," Fourth
Bimonthly Technical Report, No, 000162-4, NASA Contract No,
NASW-929, Kollsman Instrument Corporation, Elmhurst, N.Y.,
15 April 1965,_§gct;oq Ila.
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The totel light striking the four sensors will then be P, x My, whez.;e

My = optical transmission factor, including that 'of tracker opties, collim-

ating opties, 1 Angstrom filter, fine beam deflector, two dichroic mirrorsy
and obscuration losses due to secondary mirror.

. w2
M = Mg M o Mp o Mot My

where:

&
M transmigssion of 1 A filter ® 0.5

5o
t

My = trangmission of fine beam deflectorm0.75

Mp = transmission of primary and secondary ophics
ineluding secondary obscurations 0.85

I‘{I0 = optical transmission of refractive elements in
galilean ocular, tracker telescopex 0.8

= transmission of Dichroic Mirror, (2 used)}m0.9
MDM each

Thus Mt

(0.5) (0.75) (0.85) (0.8) (0.9)2

0.207

and total ineident power on four phototubes = (0.207) (k.77 x.107i%)

H

-1
P:r.,l2 I = 9.88 x 10 2 watt

Proceeding to the pulsed laser mode, an asgumed duty cycle of 10 percent
and peak power of Pg, = 10 kw will result in 2 total peak received powen
(for. the four detectors) of Prg = (10) (9.88 x 10'15) = 9,88 x 10-14 watt,
&t the besm center. At the edge {1/2 power point) of the beam, this is
reduced to half,
]
P _ -14

2.9.1.2.2 HNoise Power

For & photomltiplier detector, it may safely be assumed that load resistor
noise is rvendered negligible in comparison with noise due to light back-
grom;d, dark current and noise-in-signal (owing to the intervening dynode
gainj.
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Background Noise Due to Barthshine

The noise contribution due to background light.is evaluated on the basis
of earthshine alone, because the amount of starliight which will appear ir
the restricted field of view does not begin to compete with the light ,
reflection from earth. The Te. imum irradiance from the earth at the moon
is a function of wavelength.\Z?) In the vicinity of 4,800 Angstroms, the

wavelength of argon, it is 2 x 1075 w/cm2 =2 x 1070 w/ma - Angstrom.

At the vehicle range of 1 AU, this reduces by the squsre of the range ratio,
6 9 2 P o

(38% x 10° m/150 x 107 m)= 4o 13 x 10 i w/m® - A- In the case of a Mars

mission the vehicle will not view a fully illuminated.earth. In a typical

situation, as there pointed out, the angle between space-vehicle, earth

and sun might be 3 = 68°, and the amount of light will be proportional to

(7 -B) cos B + sin B/7 = 0.516 times the value calculated sbove, mssum-

ing earth to be a lLambertian reflector. Each of the four detectors will
thus receive:,

12 x 107 e T 2 ° 1
Py = - wawts x-zx (0.965 m) x 1A x 0.25 ¥ — x 0,516
L

-]
1112 A

3.06 x 10712 Lopg .

Dark current for the new RCA CTQ038D photomultiplier tube (high quantum
efficiency) is given as 2 x 1072 ampere at the anode, with dynode gain

of 5 x 101{'. Quantum efficiency at 4,800 A ig 20 percent and the cathode
sensitivity S =7Ne/hv; e = 1.6 x 10719 coulomb and hv at 4,800 A , is
k.15 X lo'l?‘joule;_ hence § = 0.085 ampere cathode current per watt
incident power. R v

Total earthshine on all four detectors is, then, 4(3.06 x 10'12) = 1.02L

x 107+ watt, for the 1.0 meter telescope, or, for the 0.3 meter telescope,

i

) 0.3 \2 .
1.224 x 10 1-1( 3 ) = 1.18 x 1071% yatt.
N alk

(2) R.A, Rollins, Jr., "Investigation of Optical Spectral Regions for
Space .Communications," University of Michigasn, ASD Technical -
Documentary Reports No., 63-185, May 1963,- figure Sk,
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The anode sensitivity of the detectors is 0.085 x 5 x 10t = Lb,25x 103
amps/watt. The current due to background light is then 1 = 1.18 x 10712°

x L.25 x 10° = 5.02 x 102 amp.
(for all 4 detectors), {0.3M telescope)
Dark Current = 4(2.0 x 107) = 8.0 x 10~9 amp, for all I detectors

D.C. Current due to signal, during "on" period (0.3M telescope)

il
n

(9.88 x 1o'lh) (4.25 x 105) = 4.19 x 10720 amp, at center of beam,

ors

]
(]

(k.o x lO'lh) (4.25 x 103) = 2.095 x 1010 amp, st besm edge.

Total anode current, during "on" period of laser is then:

-9 - - -
5.02 x 107 + 8.0 x 107 4 h.2 x 10720 _ 15,4 x 1079 amp,

at center of beam,

or:
=5,02 x 10-9 +8.0x 1072 + 2.1 x lO_lQ

= 13.23 x 1079 amp, at beam edge,

Resulting in & noise power spectral density, during the "on" period of:

2eiy, = 2(1.6 x 10719) (13.4) x 1079)
= 43.0 x 10728 ampsZ/Hz, at beam center,
or
2(1.6 x 1079) (13.23 % 1079) = 4o,k x 10728 amp®/Hz, at beam edge.

9.9.1.2.3 BSignal-to-Noise Calculation

Assuming the laser is pulsed at a repetition rate high enough to be well
gbove the frequency region of interest for tracking (e.g., a FRF of about
10,000 pps with a tracking bandwidth on the order of 100 Hz), and also
assuming the signal processing to be synchronously gated so as to be
operative only during the laser "on" period, the following performance may
be expected for the deep-space condition with a 50 arc second beam being
received by the 0.3 meter telescope!
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The fundamental component of the signal (that component which will be
passed by a narrow-band filter centered at the prf of the laser ) has,
for a 10 percent duty cycle rectsngular puise, an amplitude of 0,197
times the maximum value of the pulse by Fourier theory?l so that the

effective slgnsl-anplitude is’equivalent to an RMS snode current of:

I = {0.707) (0.197) (9.88 x 10”11‘) (s.25 x 103)

#

¥

5.84 x 107 amp 8% the beam center, and 1/2 this, or,

2,92 x 107+ amp at the beam edge.

As a result of gating at a 0.1 duty cycle, the effective noise power
spectral density in the frequency region of interest for tracking,
would be reduced to 1/10 the meximum value, or

-28 -
0.1x k43 x10 =L4.3x 10 26 ampafgz’ at the beam center,

-
f

8

-2
0.1 x b2k x 107 = b2k x 1072 amr2/hy ) at the edge of

-
£
5

1

the beamn,

(1) The megnitude of the fundamental component of a pulse
train nay be found from the Fourler coefficient,

te  sinnw t,/T

\Cﬁ' "‘”‘"" 2 ﬁb _
T ona b/
where:
o= 1
A = amplitude of pulse

+3
i

period, (i.e., rising edge to rising edge)

1-,0 = pulse width
% /T = dut =
o) uty cycle 10
b sinwT /10-
Cl~= 0.2 A = 0,197 &
J .
10
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If the effective noise bandwidth of the acquisition channel is limited to
about 1 Hz, the signal-to-noise ratio for initial acquisition by the 0.3 M
telescope would then be:

5.84 x 1071t

S/N = 2.8 x 103

It

2.1 x 1071

2800:1, at the center of the 50 arc second beam, and
at the edge, or 1/2 power point of the beam, it is
reduced to:

2.92 x 1071

= 1h20:1

2.07 x 10714

9.9.1.3 Tracking Resolution Analysis, at the Spacecraft

9.9.1.3.1 1Initial Tracking Resolution

When the 50 arc second beacon has been acquired by the 0.3 meter uvcicouupc
it must be tracked to the center of the field, before the next step in the
acquisition process, which is transmission of a 3 arc second beam from
space to earth. <

The total fileld of view of the 0.3 meter telescope is 45 are seconds. IT
the linear range of the tracking error signals developed (see figure
9.9.1.3-1 for the error signal characteristics) is assumed to be +10 arc
seconds, then the gradient {slope), K will be:

5,84 x 1071 1o
K, = = 5,84 x 10 amp/sec, at the center of the
10 beanm, or,
2.92 x 1071% 1o
Ko = = 2.92 x 10 amp/sec, at the edge of the beam.

10

Tracking resolution may be estimated as the point at which the S/N ratio is
unity. If it is assumed that the closed loop tracking bandwidth is 100 Hez,
then this point, when tracking the beam edge (poorest S/N ratio), could be:

) K, A8 2.92 x 1072 A8
S/N = i,
Vo AF ‘/4-3 x 1028 ;100
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and Vi 3 x 10733

Af-= = (0.071 arc second
2,92 x 10712

(This corresponds, approximately, to the RMS "jitter"
due to noise.)

Thus the resolution at 100 Hz, and 50 arc beam spread is copmensurate with
the desired tracking accuracy, particularly when the beam is subsequently
narrowed to 6 arc seconds.

2.9.1.3.2 Tracking on Earth

Upon receipt of a beam from the spacecraft on the earth, the earth station
can track it. In section 9.9.1.2.4h, it is shown that, for heterodyne detection
on the earth, with a beam divergence of 0.15 arc second, the signal-to-noise
ratio in a 1.0 Hz presence channel is 5100 to one at the center of the beam,
and 3620:1 at the beam edge. Increasing the divergence tc 3 arc seconds
3.0 \2
lecreases the received energy by a factor of. (T_TE;) = B00:1. The
» 0.

M5 i-f signal is proportional to. the square root of this value., and is

[ 3.0\ .
sherefore reduced by a factor of (}ii_j) = 20:1, resulting in a signal-
0.15

;0-noise ratio, at the beam edge, of about 180:1, indicating that acquisi-
iion by the ground is theoretically feasible, even at the beam edge.

£ the linear range of the ground receiver telescopes 1s #5 arc seconds,
nd a tracking bandwidth at the earth station of 10 Hz is assuned, then
he tracking resolution at the beam edge will be:

1
A _—mx 5 seconds,

180//10
5710

== 0,088 second.
180

To this must be added the effect of "image dancing"” and seintillation to

determine the uncertainty of the earth’'s knowledge of spacecraft position.

Inage dancing effect is estimated to be on the order of #2 seconds for one
- 2.0

telescope, or sbout —— = 0,2 second

100 . for the average effect on 100 telescopes

in the array.
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9.9.1.3.3 Narrowing of Earth-Space Beacon

The earth-tp-space.beacqn ig next narrowed down t0 6 arc seconds diverg

2
ence, increasing the signal at the spacecraft by a factor of j%?) = 69.5.

Due t0 the noise effect“pf the increase in photomultiplier current result-

ing from the signal increase, the signal-to-noise ratio increases by a
somewhat lower factor.

9.9.1.3.4 Transfer to 1.0 Meter Telescope

An additional improvement in S/N is obtained when tracking is transferred
to the 1.0 meter telescope, by virtue of the larger aperture. The steeper
signal gradient (K,) resulting from & narrower linear range results in
still finer resolution.
9.9.1.3.5 Acquisition and Tracking - Synchronous Satellite

Cage - Deep Space Simulation )

In order to simulate the deep-space conditions from synchronous orbit, the
transmitted power of the ground beacon will be adjusted to cobtain & signsl-
to-noise ratio at the spacecraft tracker which is approximately equal to
that anticipated for the- deep space case.

9.9.1.3.5.1 Background and Dark Current

At synchronous satellite range, approximately 22 x 103 miles, the &peétral
irradiance due to earthshine is

L2 %107 wx[ 238 x 103 mJ- ‘= 2.3 x 1073 o/ - 2
m °
n’ A . 22 x 103

At the ;range 'of the synchronous satellite, 22 x 103 mi; earth {radius =

3.96 }5_.1,03,.3111)‘ subtends 2 sin~t (3.96/22.0) = 20.8° = 0.364 radians. “Th
.. T d ; : ‘

solid angle 8- (0.364)% = 0.10k steradian and the irradisnce in terms

of spectral power density per unit of solid angle is

2,34 x 1073 yatt

5 ® = 22.5 % 1073 watt/mg/ﬂ/steradian
m= - A x 0.104 ster.
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The earthshine which will be received by the 0.3 meter telescope will then
be:

Telescope Filter
Receiver Bandwi d.i;h"x Transmission
Area

22,5 x 1073 - (0.3)2 .

m® A steradian

2
x T x (90 x 4.85 x 1076)

solid angle .
field of view

= 5.95 x 107 watt

The current resulting from this illumination is then :

1

B, = 5.95 % 107 x 105 x 103 =2.53 x 107 amp,

dark current = iz = 8 x 1079 amp {for all four detectors),
and total current (exclus@ve of signal} = iy + i&-= 2,61 x 1077 smp

The nolse power spectral density corresponding to this current = Zei

=2(1.6 x 10719) (2.61 x 1077y = 8.35 x 10726 amp.E/Hz_ As a resultéof
gating at a 10 percent duty cycle, this is reduced to 0.835 x 10720 g2/,

The RMS signal cuwrrent to duplicate the deep space signal-to:noise {at the
beam center) of 2800:1 in & 1 Hz bandwidth is approximately:

-10
Ig = (2800)‘/(0.835 x 10726) = 2,56 x 10 amp. "
This corresponds to a received pulée amplitude of:
2.56 x 1070

P = 2.090 x 10*"12 wath
(0.707) (0.197) (k.25 x 103) (0.207)
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The amplitude of the pulse transmitted from the earth, with a beam diverg-
ence of 50 arc seconds, to produce this at synchronous satellite range of

22 x 103 miles is:

_ 2
where:
P, = 2.09 x 1072 oy
A = atmospheric’ transmission at 4880 A x 0.7
B = 50 arc seconds = 0.242 x 1073 radians

D‘=?22 x 10§ miles = 3.54 x 107 meters

2

C .. 2.09x 10t [(3.51; x 107) (2.42 x 10"”)J

0.7 0.3

2.k3 x 10-3 vati ® 2.5 mow

This is the amplitude of the transmitted pulses required {with a 10 percent
duty cycle) to simulate deep-space performance from synchronous orbit,

9.9.1.4 Accuracy Requirements for Reference Axes

The mathematical analysis of lead angle computation for sberration and
transit time corrections is given here with numerical values corresponding
to a Mars fly-by trajectory.

Typical va}ueslgangg from sbout 10 arc seconds ‘at the beginning of the
mission to about 40 arc seconds at fly-by.,

The space vehicle is stabilized by meahs of the Sun Sensor and the Canopus
Tracker. Assume that the initial Search-fcquisition process as previously
described has been carried out using the DSIF, the earth station beacon,
and the space vehicle beam pointing system, It is further necessary to use
& precision celestial sensor to provide half of the reference axes, track-
ing on Canopus, for example, with the other half provided by the space
vehicle track'to earth.

TT=2G3



A preliminary analysis of the precision needed for the reference axes'
celestial sensor may be drived as follows, see Figure 9.9.1.4-L. The space
vehicle track to earth station coincides with the Y-mxis, and the X-Z plane
is the plane &t right angles to the tracker LOE to earth (estsb lished by
the closed 1loop). The space vehicle transmitter beam is directed along
vector OP at an azimuth angle @ and an elevation angle 3 (in spherical polar
coordinates). These angles represent the components of the space vehicle

to earth transmission lead angle, and for r = 10% miles, @ = k0 arc

seconds, 8 =0.2 arc second, approximately.

The precision celestial sensor is used to determine the X-Y plane (i.e.,
the Z-axis). This might be the projection of the LOS to Canopus on the
X-Z plane perpendicular to the LOS to earth (Y-axis). It is assumed for
this analysis that the LOS to earth is errorless.

The analysis below shows that a 75 arc second error in the cther reference
axis (i.e., the Z-axis) is equivalent to a coordinate rotaticn sboubt the
Y axis. At a range of 100 million miles, the error is 7.3 X 100 radisn
which is one tenth of the 0.15 second laser beam width. The azimvth error
angle is negligible., These error angles are small because the lead angles
themselves are small, yielding small displacements of the radius vector
0P at Earth.

(CELESTiAL SENSOR)

SPACE ) P
VEHICLE ! y -
— Y (EARTH STATION)
B 2 /J
] 7 X
I 7
17
N

Figure 9.9.1.4-1 Reference Axes
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Tt is clear that the geometry of the closed loop tracking to0 earth dilutes
the requivement for extreme precision in celestial sensors which might
otherwise be required for an open-cycle system. This analysis wiil
eventually be modified to include the effects of atmospheric propagation
in the loop, but it is not expected that the results for the space vehicle
configuration will be significantly affected.

Coordina:tes:
r m10° miles (range)
¢ L0 arc seconds & 2 X 10”l{' radisn (lead angle)
B 0.2 arc second ® 1076 radian {lead angle)
x=7rcos Beina® ram 2.x Yo miles
y.=r cos Beosam,xr & 10° miles
'z._‘-—- r sin B R BR100 -miles
Coordinate Rotatior
zh =iz 005 B x sinf Rz - x 8

xlﬁzsinéa-xcosezz g +x

thus:
ot v z2®-x8, or,Azm-x8

xt - x™z8, or,Axmz8

X is the equivalent displacement of the beam along the X exis as projected
to earth, 'and for q = ko arc.seconds, xR2 X 10 miles; similariy,. 2/ 100,
miles.B is 200 times more sensitive than ato rotation about the Y axis due
to star tracker error. Thus,Az®xHwill be the essential error displace-
ment of the beam in miles for the perturbation sbout the Y exis. For a
perturbation of the lead angle corresponding to one -tenth of the beam width
AB= 7.3 x 108 radisn, the permitted error, & , is as folldws:
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X8 =1r 15[3

Therefore,

lO8 £ T.3 % 10"8

8 = L = 3.7 % 10—u radian
2 x 10

g~ 75 arc seconds

9.9.1.5 Heterodyne Detection on The Ground

As discussed in section 9.6.6.3.3 sbove, heterodyne détection achieves

the maximum improvement in signal-to-noise ratio when the local coscillator
power is very high compared to the input power which Would be required to
produce noise equivalent to that present from all sources other than the
local oscillator,

The sensor being considered is a silicon photodiode of the Philco Lh501-
L450k series, with an assumed quantum efficlency of 0.5, making the

sensitivity at 6328 Angstroms,

5. m¢_ _ (0.5) (1.6 x 2079
by (6.63 x 1073%) (474 x 1014
S = 0,254 amp/watt. .

9.9.1.5.1 Noise Contributions

The noise .contribution due to dark current, and thermsl agitation in a
typical load resistor, may be estimated from the catalog value of N.E.P:,
where N.B.P, is defined as:

Incident Power

s//iz

V.BE.P, =

2
With a cell area of 3.5 mm™ apd an incident power density of 6 x 1079
watt/mmg, the N.E.P, is given as 7.5 x 10713 Watt/HZl/E

For a 1 Hz bandwidth,

s/y = (6x107) (3.5) 4

= 2.8 x 10

7.5 x 10713 ¥ 1.0
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At this input level, the signal current is (6 x 1079 ) (3.5) (0.254)
=5.33 x 10”7 amp.

5.33 x 1079
BMS Noise Current = -~—————*E—- = 1.9 x 10713 amp,
2.8 x 10

Since this 1s calculated for a bandwidth of 1.0 Hz, the Noise Power Spectral

1. 10-13)e
972 10750 5.6 % 10726 amp?/tiz.

Density is the
T M

The component of this density due to the signal current is

2 eig = 2(1.6 x 1079) (5.33 x 1079)

1.7 x 10727 amp® /Hz, ..

Therefore, Noise Pover Spectral Density due to dark current and thermal
effects is 3.6 x 10720 .y 7 x 10727 = 3.4 x 10-26 amp2/Hz .

The incident power to produce this amount of noise wouid then be:

3.4 x 10726

P
dk, + th
’ 2 eb

3.4 x 10726
= = b2 x lO~7 watts.

2(1.6 x 10719) (0.254)

The ‘background contribution is caused by the incident background puwer,
B, on each sensor,

P, =BdA>uQ_h Mm© w1/l
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where:

-3
B a = 16 x 1078 vatts/ecm®-sterad-A

AN =104 (at 6328 A)

i

2 L
0 (for 60 arc seconds field of view) = (4.85 x 10°6) {60)2 (“{;)

6.66 x 10-8 stersd.

Il

M=nm".o.5
D = 12,5 em
Therefore,
: - (16 x 10“8} {10) (6.66 x 10'8) () (12.5)2 . (0.5) (0.5)

L 4

8:18 x 10753 watt.

K

Contribution of Incident Laser Energy

From section 9.9.1.5.2.1 below, the laser energy inecident on each sensor
(at tracking null) would be 4.1 x 10-1% (mpt.

The total of all of these = Pn

1k

P,= 4.1 x 107 L 8,18 x 10713 + 4.2 x 1077

B2 x 2077 yage,

With Fio=5x 1073 yatt, the

P, b2 x 1077
ratio g 2x10 & lxl()“l"

Fro 5 x 1073

is indeed negligible compared to unity (see section 9.6.6.3.3),
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9.9.1.5.2 Deep Space (1 AU) Case

9.9.1.5.2.1 Received Energy

The laser energy detected by each receiving telescope will be

Hd
|

T m' Py MN D2/(R G )2 watts,

Py = transmitted power = 1 watt

M = optical efficiency of transmitter and receiver

combined (not including heterodyne besmsplitter )
= 0.5
N = atmospheric attenuation factor, which varies with
zenith angle and wavelength, and representatlve
value assumed = 0.5

m' = beamspllttlng factor, for heterodyne detection .

= 0.5
D = diameter of aperture = 12.5 em

R = range = 1 AU = 150 x 10" cm

@
]

angular divergence of laser beam at 1/26power
points = 0.15 arc seconds = 0.728 x 10-6 rggians

and, qt a tracking null, each photodetector w111 receive l/h of
energy, or Pr/h

B, 1 (0.5) (2.0) (0.5) (0.5) (12.5)° "
— = = Uk, 1x 10

W . . watt
b (150 x 10M ¢ o 708 « 10'6)

The mean square i-f current developed at each detector (at tracking null)
would then be:

PI'
i2=pg2p X
s o,
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where:

average (rms) i-f current

=8
L

e
8 = detector sensitivity =—
Hv

il

0.254% amp/watt (section 9.9.1.5 above)

PLO = 5 x 1073 yatt
P
r = L!-.l X ]..O“lh watt
in
Therefore,
.2 2 -
i, = 2(0.254) {5 x 10 3) (b1 x 10-1h)

0.268 x 10-16 a.mpe,

n

or, the rms i-f current is:

i ='V%.268 x 10716 0.516 x 1078 amp .

This is the current in each sensor, st tracking null. Each 1/2 array of
50 telescopes contains 4 x 50 = 200 sensors. The total i-f current in

each half-array is then 200 (0.516 x 10-9) = 1,032 x 1076 oy

9.9.1.5.2.2 Presence Signal

The presence signal, consisting of the sum of the signals from all ssnsors
of all telescopes, will be twice the above value, or 2(1.032 x 10“5) =

2.06 x 10'6 amp.

"
b M -

l:rr._ KPR &3 DAY

This is also the maximum {or saturation) value of the angle tracking sigha
(See figure 9.9.1.1.3-1.)

9.9.1.5.2.3 Noise Density

The noilse spectral density at each detector, due primsrily to local osecil-
lator power (section 9.9.1.5.1) may be calculated as Follows:
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$bpn = 2e ige ® 2e (5 x PLO)

2(1.6 x 1079) (0.254) (5 x 10°3)

k.07 x 10722 o2 /my,

]

For the full array of 100 telescopes, the total noise power spectral
s + 1 -
density is then 95nn .100 x L. x(ﬁmnn = 400 x 4.0T7 x 10 22

[}

16.3 ¥ 10720 amp®/Hz,

i

9.9.1.5.2.4 SBignal-to-Noise

The signal-to-noise ratio for the presence signal, assuming a 1 Hz band-
width in the presence channel, is ’

2,06 x 10-6 -
S/N = = 5100

v 16.3 x 10-20 % 1.0

This is at the center of the beam. At the edge (1/2 power point) of the
beam, the received power is reduced by a factor of 2, reducing the rms
i-f current, and hence, the S/N ratio, by a factor of+/ 2. Hence, at the

beam edge,

2,06 x 100

i = l.h6 X 10”6 amp,

S . * 5100
and the presence channel S/N = 2 = 3620

/3

The maximum signal-to-noise ratio for tracking, with a closed-loop equivaleni
noise bandwidth for the tracking loop of 10 Hz would then be: -

5100 5100
= = 1620 at the
VIS /10
1
3620

center of the beam, and = 1140, at the edge of the beam (1/2 power

points), 10
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The tracking resolution at the beam edge (poorest S/N) if the linear range
of the tracking error signal is #5 grc seconds, will be

A8 = x (£5) = 10,004k arc second.

1140

9.9.1.5.2.5 Development of Beam-Pointing Error Signals

The intensity distribution of the laser energy across the beam width in
the far-field is essentially gasussian, so that

I = I eb(a292),

vhere
1 = beam intensity at an angular displacement &from
the center of the beam

6 = angle measured from beam center

Io = intensity at beam center
216 2.7760°

a= = (9]3)2 s l.e., exp - _"8_"2_ = 0.5 for 8:93/2_

B
8 5" beam width between 1/2 power points,

The intensity gradient may be found by differentiating this relationship:

ar

2
5" 2lo 82872709

Withfp = 0.15 arc second = 7.28 x 10T ragian, we find, at

8y -1
—— = 0.015 arc second = 0.728 x 10™' padian
10
2
o 2.7768 g
ak 2.776 -7 -
7p- 2 Io x x0.728x 10 xe 1009§

(7.28 % 10-'1’)2

- 5
= 27,43 x 10 I,
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6
and &t 8 ==~ (= 0,075 arc secona,
2

. 2.776 \
JiL-: D IO x 2.776 2 X 0.364 x 10-6 e e“( )
ag (7.28 x 10-T) b

= -1.91 x 10° 1

At a range of 1 AU, the half-array width (center-to-center distance be-
tween half—arrays) of 91 ki em (3 feet) subtends an angle of

0.91h4k
88 = — = 6.1 x 10712 radian

1.50 x 10+t

Thus,

at 8 = 0,015 arc second,

81 = (-7.43 x 107) (6.1 x 1071%) I
- b5k x 1001
and at 8 = 0.075 arc seconds,
81 = (-1.91 x 10?) (6.1x 10712y

21,16k x 1072 1

It islis-; the RMS signal current produced ‘in one-half-array by an intensity.
I, and is2is that produced in the other half array by an intensity

is2 I2
Iy=I; 481 = I, -kI, end since 2 = ;
1s$ Ty

it may readily be shown that

Sij =i, _ i, =ig
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&R I,
further, atf@= — , Ij o I,. Therefore — x 1,

10 I
88 I I
o o
and atf = —= L= —, o — « »
2 2 R “

Substituting into the equation gives the differential RMS signal
currend: )

at 8 = 0,015 arc second,
81, =1.032 x 107 [; 7 s x 10'5.J
= 2,34 x 10-12 amps,
and at
1,032 x 1076
V- '
- -6 4 : -5
81, = 0.732 x 10 1-v 1 - 2(1,164 x 1077)

B

8.52 X lc}hlg anp.

9.9.1.5.3 Simulation From Synchronous Orbit

9.9.1.5.3.1 Received Energy

Using the eguation and defini‘fsions from section, 9.9.1.5.2.1 sbove s but
substituting:

By = 7.5 x 1077 yaty
32360}{1073331

the energy detected by each receiving sensor (at & tracking null) is found
to be: )

1 - 2
Fr T (0.5) (0.5) (0.5) (7.5 %1073} (10.5) g
L= = 0.53h x 107° att, at

1 2
(360 x 107 x 0.728 x 3.0"‘6}2 the center of the beam
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The RMS signal current produced in each sensor is then:

=
I

s = V2(0.254)% (5 x 103) (0.534 x 100)

1.86 x 100 app,

Bince each half-array consists of 8 telescopes, each with k sensors, the
total RMS signal current in each half-array will be

8 x b x 1,86 x 1076 _ 59.5 x 1070 amp,
at the centér of the beam.

At the edge (1/2 power point) of the beam, this will be reduced to

59.5

-6
— = 41,4 x 107" .
Sz o E AP

9+9.1.5.3.2 Presence Sigpal

The presence signal, as in section 9.9.1.5.2.2, will be twice the above
valueg, or:

-6 . ]
2x59.5%x10 " =119 x 10 6 amp, at the beam center,

and

-6 -
2 x b1 x 107° = 82,8 x 107° amp, at the beam edge.

These are also the maximumm (saturation) values of the angle tracking
signal (figure 9.9.,1,1.3-1).

9.9.1.5.3.3 Noise Density

As in the déep-space case, the noise spectral density at each detector,
due primarily to the loeal oseillator power, is 4.07 x 10722 ampe/Hz,
(See section 9,9,1.5.2.3.)

For the full array of 16 telescopes the total noise power spectral density
is then:

$

nn

16 x 4 x b,07 x 10722

20

2.60 x 107" amp®/Hz.

1
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9.90105.3.’4‘ Si@al‘tO"Noise

The signal-to-noise ratio for the presende.signal, in a 1 Hz bandwidth, is

119 x lO'6
S/ = "= 7.h x 10°
v 2.6 x 10720
7.4 x 107 -
at the beam center, and at the beam edge the S§/N = — _ 5.2 x 10?.
/2

Tracking resolution, even at the beam edge, with a 10 Hz, Closed loop
equivalent noise bandwidth (see section 9.9.1.5.2.k) is:

1
- (£
5.2 x 107/ /15 ?

) = #3 x 1075 arc seconds

Ab

9n§.i15.3.5 " Beam Pointing Error Signals

From section 9.9.1.5.2.5, at

8B
g =— = 0.075 arc second,
2

$T = 1.91 x 10° io Y

At a range of 3.60 x 107 meters, the angle subtended by the hal};array‘
distance of 45.52 em (1.5 feet) is:

(0.4552) 8
R ———— = 1.27 x 10 ~ ragdians
(3.60 x 107)
Therefore,
ST - 6 . -8
I=(-1.91 % 10") (1.27'x 10 ) I,

0.0243 I,
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and the differential RMS signal current between the two halves of the
array is

$1, = 4Lk x 107 [1 -V 1T 2(0.0283) |

= 1.0k x 107 amp.

9.9.1.6 Direct Detection on the Ground

The direct detection on earth of a laser beam from space is accomplished
as described in section 9.6.6.3.4, using an array of receiving telescopes
.in an arrangement typified by that illustrated in figure 9.6.6.3.4-1. The
dimensions shown. on that-figure are those used in the following analysis.

The detector used is a quadrant photomultiplier type (see section 9.9.1.1).
Signal development is also the same as that used for spaceborne detection
of the ground beacon (see figure 9;9.1.l~2), except that no pulsing will
be used.

The photomultiplier used is the same one applied in the spaceborne tele-
Scope (sée.'sections. 9.9.1.1 and 9.9.1.2). The cathode sensitivity of this
tube at 6328 Angstroms, from manuﬁacturer's curves, is about 0.068 amp/watt,
which, at a dynode gain of 5 x 10% results in an anode sensitivity of

 13%,10% % 0,068 = 8 or, § = 3.k x 103 amp/vats.

9.9.1.6.1 Deep Space (1 AU) Case

9.9.1.6,1.1 Tracking Resolution

The laser power detected by the four tubes of one telescope, at the center
of the beam is

Mvp, D2

P! -
PT T
(RE )" .

where:
M=N= 0.5
Pt = l.o W&ttl'
D = 2.0 meters
R=14AU= 1.50 » 10%! meters
g =" 0415 are decond = 0.728 x 10"ll radian
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2
{o.5) {0.5) (L.0) (2.0) -
P - = 8.37 x 107 ats.

2
(1.50 x 10™ x 0.728 x 1076)

The signal current corresponding to this energy (st the anodes of the BMI''s )
is:

= (8.37 x 10711y (3.4 x 103y

s
L

#

2,84 x 10°7 amp (de) (at the beam center) and, ot the beam edge,
this is reduced to one half this value, or

. 2.8k x 1077
i, = ---—-é—----———,= L.he x 10*7 amp (de)

Dark current for this tube is given as 2 x 10"9 amp {at the snode). For
- the four tubes used in one telescope, this will amount to 4% x 2 x 109

=8 % 1079 amp .,

Background illumination incident on the four tubss of one telescope amounts
to:

where:!

-8 o
B a= 16 x 10 watt/cmg-stemdi&n—ﬁ

“ ) o
AN = optieal filter bandwidth = 1.0 A (at 6308 A)

It

£ , (for 60 arc second field of view),

5.2
=_--?;-;- (60 x 4.85 x 10 6) = 6,66 x 10'8 steradian

&=
[

optical efficiency, without filter = 0.5

&
optical filter efficiency at 6328 A center wavelength = 0.5

B
i

D = gperture dismeter = 200 cm.
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16 x '_I.O"8

0,*'!.‘:‘
i

x 1.0 x 6.66 x 10’8 x.%r.x (200)2 x 0.5 x 0.5

8.36 x 1071 it

which produces an anode current of (8.36 x 10'11) (3.h x 103) = 2,83 x 10'7
amp.

The total d-c anode current for all four tubes of one télescope is then:

+

‘ne

0

2.83 x 10'7‘+ 5.84 x 1077 +0.08 x 1077

5.75 x 107 anp.
This is at the center of the received beam. At the edge, it is reduced to

lpg = 2.83 x 1077 4 142 x 1077 +0.08 x 1077

i

4,33 % 1077 amp.

The noise power spectral density (for one telescope) corresponaing to Tois
current isi

1
qb nn

i

2e ing = 2(1.6 x 10719) (5,75 x 1077

18.35 x 10726 amp2/Hz, at the center of the bean,

2(1.6 x 1079 (.33 x 10°7)

13.8 x 10726 ampe/Hz, at the beam edge.

]

The presence signal, and the maximum value of the tracking signal; con-
sisting of the combined outputs of the four telescopes in the array is

equal to -k x 2.8% x 1077 = 1,14 x 107 amp dc, at the center of the beam
and & x 1.42 x 1077 = 0.57 x 1076 amp dc, st the edge of the beam.

The ftotal noise power spectral density for thg four telescopes is

26

¢)nn =Lk x 18.35 x 10_26 = T3.4 x 107 ampe/Hz, at the center of

" the beam, and
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-26 -
¢, =hx13.8x 207 = 552x 10 26 iz, st the edge Of

the beam.

The signal-bo-noise rabio in & 1.0 Bz presence chennel is then
1,14 x 1076 e ‘ i
B =TT ~ - =1.33 x 10" at the center of the besu.
Y73.5 x 10720 ¥ 1.0

)

0.57 x 1078 i
/N = = T66 % 105 &b the edge of the beam.

¥ 55.2 20720 3 1%

Tracking resolution (point where S/N = 1) for a 10 Hz trackinx loov equiv-
alent noise bandwidith and 2 5 arc second linesr range ia

1

8 = G - ® {5} = 21,2 x-lﬁaﬁ are sécond at the'
RN 1»33 = 'l{) ],,J'}_O

center of the beam, and

1 .
g = % {#5) = 2.1 x 10”7 arc second. at the

7.66 % 10°/ +/10

edge of the beam,

9.9,1.6.1.2 Development of Beam-Pointing Brror Signals

The relationships sre used as derived in section 9.9.1.5.2.5, for the
intensity gradients, i.e.,

. | ‘ _ o
<5 Tk x 102 I_ &% the benmter of the beam, ant

o}
%jé = »L.91 x 107 I, at the edge of the beam, and,

the angle subtended at the range of 1 AU by the telescops separation of
5.0 meters, is
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5.0

8= —— =3.33 x 10 radian.
1.50 x 101t

It may then readily be shown that, sinece signal current is proportional
to intensity for direct detection,

8}3,=_.‘71h3 X 105 X 3.33.x 10-11 x 2.84 x 1077

éB
-1
= 6.98 x 10 2 amp, atf =—""= 0,015 arc second,
’ 10 .
and:
. 6 . . .

Si = -L.91 x 10° x 3.33 x 10 Mo 2.8k x 1077

838

1

~11 . .
1.80 x 10 amp, atd =—o0-0_. 0.075 arc second.
2

It should be noted also, that the noise power spectral density correspond-
ing to these signals, since each pointing error detection channel uses only
two of the four telescopes, is half that in the presence and tracking
channels, or: ’

P =2x18.35%x 10 = 36,7 x 10720 aup?/m,

at MQB
g =-——= 0.015 arc seconds, and
10 '
_06 -26
¢ =2x 13.8 x 10 = 27.6 x 10 ampe/Hz,
nn,
at !B
g =~ = 0.075 arc seconds.
2

9.9.1.6.2 Simulation:From Synchronous Orbit

9.9.1.6.2.1 Tracking Resolution

Using the equations and definitions from section 9.9.1.6.1, but substitut-
ing:
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P, = 7.5 % 1073 watt
R = 3.60 x 107 meters

D = 0.3 meter,

the energy detected by the four phototubes of one telescupe 15, 8T The
center of the beam:

. (0.5) 0.5) (7.5 x 1073) (0.3)? 7
.= = 2.5 x 10 7 yatt,

(3.60 x 107 x 7.28 x 10“7)2

/The signal current (at the PMI' anodes) produced by this energy is:

i, =2.5%x 1077 & 3.4 x 103 = 8.5 x 107 amp

and, at the edge of the beam, it is half this amount, or
ig = 4.25 x 107" amp,
The anode dark current, as in the previous case (section 9.9.1.

8 x 1077 amp for four tuves.

Background illumination, using the equation and definitions of section
9.9.1.6.1.1, but substituting D = 30 em, is

_ 8 8 2
By =16 x 107 x 1.0 x 6.66 x 10 X 7: x {30) x 0.5 x 0.5

= 1.89 x 1072 watf, which produces a current at the anocde of:
i =189 x 1072 x 3.4 ¥ 103 = 6.4 x 1079 amp.

The total anode current for one telescope is then:

8.5 x 10-lL +8x 1072 + 6.4 x 1079 = 8.5 x lO-h amp,

at the beam center and

" -
~b25 x 107,48 x 10 9 + 6.4 x 10-9 = 4,05 x 10-)4' amp,

at the edge of the beam.
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The noise power spectral density (for one telescope), corresponding to
this current is:

1
# o

It

2e ipe = 2(1.6 x 10'19) (8.5 x 1O-h)

2.72 x 10722 anp?/Hy ot the center of the beam,

2(1.6 x 10719) (4,25 x 107y _ 136 x 10-22 emp® /i,

at the edge of the beam.

The total-noise power spectral density for the four telescopes is:

? an

]

-22 -2
b x 2.72 x 10 = 10.9 x 10 ampe/Hz, at the beam center,

and

P 1

The signal-to-noise ratio in & 1 Hz presence channel is thus

4 x 1.36 x 10722

]

5.45 x 10782 ampe/Hz, at the edge of the beam.

() (8.5 x 1o‘h) 8
S8/N = = 1.0 x 107, at the center of the beam

+10.9 x 10722 4 1.0

and

_ (k) (k.75 x 10"”)
4

S/N

= 7.3 x 107 at the beam edge.

5.5 x 10722 10

Tracking resolution (S/N = 1) for a 10 Hz tracking loop equivalent noise
bandwidth and a %5 are second linear range is:

1
Ag = = x (15)
1.0 x 108/4/10

at the center of the beam, and

1.6 x 1077 are second

fl

1
7.3 x lO-TA/ia_ =X (i5)

AG 2.2 x 1077 gre second at the beam

edge.
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9.9.1.6.2.2 Beam Pointing Correction Signals

VBN
As in sections 9.9.1.6.1.2 and 9.9.1.5.2.5,__§== 7.43 x 10° I, at the
. d

dI 6
beanm center and — = -1,91 x 10 Io at the beam edge,

aé
The angle subtended by the telescope separation of 0.5 meter at a range of
7 . 0.5 8
3.60 x 10 meters is = 1.39 x 107" radian, so that.similarly to
; 3.60 x 107

section 9.9.1.6.1.2,
Sis= -7.43 x ].O5 x 1.39 x 10"'8 x 8.5 x 10-1{-

= -8.75 x 1076 amp, at

63
8 =—= 0.015 arc second, and
i0

Sis= -1.91 x 106 x 1.39 x 10-8 x8.5x lO'h'

. 6B
= ‘22.5 %x 10 6 anp, a‘ta =?= 0,075 arc second

The nolse power spectral density in these channels is, as in section
9.9.1.6.1.2, one half the corresponding velues in the presence and tracking
channels, or

' 22
b on = 545 % 107 anp®/iz,
6z | ‘
g =— = 0.015 arc second, and
10

-22
qbnn = 2.2 x 10 ampa/Hz, at
68

g == = 0.075 arc second,
2
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9.9.1.7 Stabllity Requirements of Point-Ahead Correction
(Space~GroundrSpacé} Loop

Stability criteria and dynamic performance of this loop, including the _
effect of the transmission delays, are discussed in some detail in Appéndix
I-1 of the OTAES Interim Progress Report, Volume IV,

Utilizlng the root-locus plot, Figure I-3 on page I-6 of that report, it
will be found that a gain margin of 10 decibels, and a demping ratio of
gbout 0.71 correspond to a value of K, T= 0. h95, where X; is the loop

velocity error coefficient, and T is the transit delay (round trip)
At a”rangelof 1.AU; the round trip delay, T 16 minutes = 960 seconds,

. C 0.k - - :
making K = EZ =0.515 x 10 ? sec 1} or epproximstely 5 x 107" sec ™t
960

"o achieve the desired stability, Use of a higher value of K¢ at this’

2

range will decrease the stability margin. The loop gain will therefore
be controlled to insure stability.

Smnce the stability criterion is a limitation on the product, Ko T, iﬁ

may be seen that higher “values of gain (and hence, of Xy) can.be tgler&;eu
for lower values of the hransit delay, T, which oceur at shorter ranges.l
-From™the ‘results of sections 9.9.1. 5 end 9.9.1.6 it may be seen that the -
actuating srror gradments are an inverse funetion of range, hence. loop galn
increases with decreasing range. Some additional control is anticipated

however, Lo insure that the stability of the loop is maintained at all
ranges.
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9.9,2 Optical Propagation Experiment Analysis

9.9.2.1 Space Qualified Laser Considerations for OTAES Program

9.9.2.1.1 Introduction

This subsection covers some aspects of the problem associated with the spacegualifi-
cation of the He-Ne and COg-Ny gas lasers chosenfor use in the OTAES experiments.
The discussion includes some of the lifetime, thermal, mechanical, eléctrical, and
optical problems associated with space gualification. The object of this report is to
present a solid foundation from which a detailed design can be developed during a
iater phase of the program, Primary emphasis has been placed upon the thermal
and life time problem associated with both the He-Ne and COy-Ns lasers,

The proposed version of the spaée qualified laser package is essentially that pre-
sented in the previous OTAES reports and is shown in figure 8.9.2.1.3.1. The outer shell
and package configuration are the same (except for dimensions) for each of the

He-Ng lasers and the CO2-Ny laser, The laser dimensions are presented in table 1,
The difference between the He~Ne laser package and the COg-Nsg laser package is in

the method of heat transfer from the laser discharge tube to the shell, and in the
discharge tube support. This difference primarily affects the internal design of the
laser package, and is required because the CO2-No lager has a more critical
temperature dependence than the He-Ne.

Each of the four laser packages is mounted to the telescope in the same fashion, A
collar with a quick disconnect capability holds the mounting flange of the laser
package firmly against a rigid disk which is extended from the telescope well, Ex-
cept where other ‘components interfere the disk has a surface area approximately
equal {o the telescope aperture., A detailed drawing of the mounting arrangement is
shown in section 9,5,

The collar will be capable of holding the laser in alignment yet allow for easy re~
moval under flight conditions, The disk and the telescope support structure provide
the heat sink for the laser package.

9.9.2,1.2 Telescope Structure Thermal Environment

The purpose of this section ig to provide a brief description of the laser telescope
structure thermal interaction. For a detailed telescope thermal analysis see
gection 27,

The laser mounting flange, and hence the shell of the laser package will tend to

reach the temperature of the telescope structure, It will be greater than that
value due to the power generated in the laser itself, and the temperature rise
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developed across the thermal impedance of the circular support disk and the laser
flange contact surface. The telescope structure is subject to a thermal environ-
ment which is a function of the heat generated internally by the electro-optical
equipment, the thermal radiation and albedo from the earth's surface, and the
thermal radiation from the teles col[ie sunshield. In general all of these inputs vary
with time, Preliminary analysm has shown that over a ten-day period of syn-
chronous orbit the temperature of one portion of the telescope support structure
can range from -268°C to +235°C when starting from a 25°C initial temperature
prior to launch. The computations used fo obtain this temperature range were
influenced by the fact that two lasers were operating in the telescope well during
the run, and that the insulating characteristics of the laser package were not
considered. A more reasonable temperature range might be -73°C to 155°C over
both the launch and operation conditions.

In order to maintain reliability lifetime, and nearly constant output power (small
fluctuations can be controlled by adjusting the input power), the laser discharge
tube for both the He-Ne and CO4-Ny lasers should operate at a nearly constant
temperature after the initial warm-up period. Thus under some-operating condi-
tions the laser package will perform the dual function of insulator and conductor
of heat between the laser discharge tube and telescope structure.

9.9.2.1.3 Laser Package

An important requirement for the He-Ne and CO9-Ng space qualified lasers for
the OTAES program is that in addition to the thermal considerations the mounting
" must maintain beam axis alignment to within the range of the boresight correcting
apparatus under the shock, vibration, and acceleration environment. Of.several’
-ways for obtaining this objective, the most direct is to mount the laser rigidly to
the telescope frame (see figure 9.9, 2, 1,.3-1}) to prohibit relative motion of the
"laser and telescope axis. The beam may then be redirected as required by optical
:’—'steering mechanisms also attached to the frame. A single mounting point was
‘chosen so that any external forces exhibited on the laser package would produce
.only a translation of the package about the mounting axis which could be corrected
by the laser beam steering mechanism. In this way bending or twisting moments
" produced along the laser package can be'predicted during the design and corrected
‘for by the internal mirror alignment transducers.

Cooling is accomplished by conduction through the thick walled cylindrical aluminum
tube to the telescope mounting flange, Heat transfer from the discharge tube to the
cylindrical shell is accomplished by conduction and radiation.

(1) Telescope Thermal Analysis OTAES Interim Progress Report, vol, 1V,
Appendix J, NAS8-20256, March 8, 1966,
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The He-Ne version of the space qualified laser is shown in figure 9.9.2.1,3-1

with a detail of the discharge tube shown in figure 9.9.2,1.3-2, Typically the dis-
charge tube has a thick-walled quartz capillary section ahout 45-cm long., A
hehum-—necn tube with a 3-mm bore would be capable of over 15-mW output power
at 6328 A. Brewster windows, optically contacted and fused, terminate the dis-
charge tube, The windows ave in the parallel (rather than opposed) configuration
and sufficiently thick so that cumulative refraction of the windows causes the cavity
to be misaligned for the lines at 3.39 microns and 1,15 microus, This construction
prevents spurious oscillation at these wavelengths without the need for incorporating
Q-spoiling magnets around the discharge tube,

The connections to the laser discharge are through close-spaced parallel wires,
twisted pairs, or coaxial cable to prevent the generation of spurious magnetic flux,
An enlargement at one end of the laser tube contains an anode plate or ring; at the
other end are two long fubular appendages which serve as gas reservoirs and
cathode chambers, .

The resonator is formed by a plane output mirror and 2 large-radius spherical
back mirror. The output of the laser will be maintained in a TEM,, transverse
mode and at an output power of 15 mW (transmitter taken as example}. The 2-mm
output beam will be collimated and diffraction limited at the output of the {laf
wmirror. The required power output, mode configuration, spatial coherence, and
beam diameter will be achieved with a 45-cm long, 3-mm diameter discharge tube,
a plane output mirror and a spherical back mirror of about 100-meters radiug, The
divergence of the output beam will result entirely from diffraction. Mode and power
output stability will be obtained by use of an alignment transducer upon which the
spherical back mirror is mounted. The alignment fransducer serves a multiple
function: {(a} it controls the normal changes in cavity alighment over the operating
temperature range, and (b) it provides a method for applying & Temote correction

to the cavity alignment to compensate for contingencies such as inelastic deforma-
tion during launch, ete, The plane ouitput mirror will be installed into a precise
recess with no provisions for adjustment. This rigid mounting wiill insure that
angular deviation will be held to 2 minimum, since use of a plane output mirror
causes the output to be precisely orthogonal to thé mirror plane. This method of
mounting the mirror is used to insure that the laser design will meet the shock

and vibration environmental conditions discussed in the Optical Heterodyne detec-
tion report, @

In order fo insure that the output polavization of the laser is compatible with the
various optical modulators used in the system, attention will be paid to making the
polarization linear to one part in 1000. Measurements performed at GT&E Labora-
tories and elsewhere have indicated that this ean be af:hleved.

(2) Optical Technology Apollo Extension System, Final Technieal Report, Partl,
Chrysler Corporation Space Division, October 21, 19686.
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The aluminum jacket seeu in figure 9,9,2.1.3-1 serves as: (a) the principal mechan-
ical support for the laser tube and resonator; (b) a radiation shield to keep stray
light, radiant heat, and ac magnetic fields from interfering with the operation of
nearby optical instruments; and (c) a path for conducting heat to the mounting flange
and then to the bulkhead on which the package is mounted. In addition, a thermal
shroud or wrap will be placed around the cylindrical aluminum jacket to reduce

heat radiation effects and insure transfer by conduction through the flange only

The mounting of the discharge tube within the package poses some problerhs " The
quartz capillary tube is very elastic with low damping and could be excited under
shock and vibration to large amplitude strains which might break it. This’ problem
is solved by the use of mounting fins attached to the laser tube. The mounting fins
are installed in the jacket half-cylinders. The tube is placed in one half cylinder
and the other half is closed down over it, These fins will setve the dual function

of conducting some of the heat o the jacket and holding the tube accuraiely in posi-
tion, yet will yield sufficiently to avoid damage by differential expansion on tempera-
ture ¢ycling. In addition, the fins will provide a number of suppoxrting points for

the fube and will restrict the magnitude of strain present at any point on the tube
during launch. This construction technique makes it possible to minimize the weight
of the shell and supporting structure while still maintaining rigidity.

it is not fully resolved at this point to what extent the supporting fins will provide
cooling for the discharge tube. For the supporting fins must conduct the heat from
the discharge tube at'a rate which will maintain the walls of the discharge tube
within a narrow limit over the operating temperature range, Changes in the tem-—
perature of the discharge tube produce gain variations which are a function of the
gas density and the collisional transfer procéss between the helium and neon. The
gain vérie_tﬁons due to changes in gas density are the more predominant,

Becduse the discharge is occurring in the narrow bore of the laser while none occurs
in the larger volume of 'the ‘cathode and anode bulb area (see figure 9.9.2.1.3 -2), the
temperature rises in the bore. This causes the gas density in the area of the dis-
charge to drop, while the gas density in the bulb increases. .Since the voluxfa‘e of

the discharge tube is small compared to the bulb area, a large density gradient is
set up at the ends of the tube. This density gradient produces a less than optimum
gas fill condltlon in the discharge bore and a correspondmg drop in output power.
Therefore in addition to just conducting heat from the laser discharge tube, the

fing must have their thermal impedances adjusted so that the laser tube is operatmg
ata nearly uniform temperature, Some of the fing would be made up of concentric
rings of 1nsu1at1ng and conducting material, This would serve to adjust the thermal
irnpedance as well as maintain the steady state operating temperature of the dis charge
tube within reliable operating limits for variations in the mounting flange tem-
perature over the environmental range., Itis assumed that in the steady state the
walls of the laser package will tend to reach the specified operating temperatures

by conduction through the package mounting flange.
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Although it has a lesser effect on the gain than the denslty change, vamatmns L
in the kinetic gas temperature in the discharge must be considered in the desxg'"
if the gain and, hence, the output and efficiency are to be maintained over the,
operating range. The upper laser level population of the 38, state in neon is, |
populated by collisional transfer of excitation from the 18 metastable level of »
helium (which, in turn, is originally excited by electron eollisions in the d}.s-w
charge). The effectiveness of this collisional transfer process, and consequently
the laser gain and output increase with the kinetic gas temperature, Gcnvexsely,
. the laser jacket temperature is reduced to too low a tempevature (e.g. , ~1006°C)
by cool:mg, a reduction in laser gain and output may follow.

To eshmata practical effects on a laser in a spacecraft environment, the limiting
case of a laser tube with unit emissivity surrounded by a black body is conr .
sidered. Under these conditions a typical laser discharge tube 30-cm. Icmg by.
9-cm o.d. and disgipating 50 watts would aitain a wall temperature and. therefore
gas temperature of 300°C, Operation in an atmospheric room temperature environ-
ment would further cool the laser tube walls by convection to approximately 100°C,
At these ranges of temperature the effect on laser output would be negligible. In
the temperatare environment encountered by the laser package there is no convec-
tion to reduce the temperature and all thermal controls must be performed by
conduction through the support fins and radiation from the discharge to the laser

" package shell. To aid in heat transfer by radiation the inner surface of the oylindri-
cal lager package will be made to look like a black body., The low ﬁemperatm:e»
region is of sufficient importance that this point will be considered in sufficient
detaal in the next phase to insure the proper design of the support and cooling,
Structure. This is necessary to insure that the laser discharge tube wall tempera-
ture does not drop helow -50°C. The design will include provisions to protect
other components internal to the laser package from extreme temperatures, One
component that requires special attention is the anode resistor used fo suppress
relaxation oscillation, High~voltage insulation will be provided for the anode .
circuit within the laser package as well as between the laser package and the.power
supply. - Insulation will surround the laser tube envelope near the anode to prevent
voltage breakdown from occurring at any of the pressure levels. encountered, -

A thermal analysis is presented in paragraph 9.9.2, 2. Thls paragraph analyzes
the prob.‘iem of conducting heat from a laser discharge fube to a cylindrieal laser
packagé constrained to a specific temperature. Since this analysis is meant to
cover the general case of removing heat from within the package to a flange of ,
kuown temperature, a single flange temperature was chosen. The analysis can be
apphed to any other flange, and hence telescope structure temperature, hy adding
to or subtracting from the referenced temperature,
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9.9.2.1.4 Gas Tube and Mirrors

The proposed laser will employ a dc discharge from a dirvectly heated cathode,

The discharge tube will contain a spare cathode which will be switched on auto-
matically if the first cathode should fail. A getter will be used to.reduce the -
quantity of impurity gases in the laser, All supporting structures, cathodes, anode,
reservoirs, and discharge tube will be ruggedized. Narrow-band dielectric coated
mirrors will effectively prevent any detectable laser output at 1, 15 and 3. 39 micron
The exact dimensions of the discharge tube and the associated gas pressures v

be determined during the design phase of the program for the particular He-N
lasers shown in table 9,9.2.1, 4-1.

This tube design is projected to provide a coherent output power of approxi~

mately 15 mW {(depends upon the laser requirements) with a minimum gas reser—
voir volume over a lifetime in the order of 5,000 hours. The data for this pro-
jected figure was derived from data obtained by Watson and Fowler(®) on & previous
study contract on binary gas plasias. This study showed that the two major causes
of laser fube failure were (8) gas cleanup (gas pressure loss) due to ion penetraiion
df the tube walls and cathode and (b) outgassing of impurity ions which contaminate
the tube. A considerable increase in the lifetime of cold-cathode He-Ne lasers
was achieved by overfilling the laser tube heyond the pressure at which maximum
output power was achieved, and then allowing the gas pressure to drop naturally
as'the tube ages until a state of maximum efficiency is reached. It was found that
the pressures for maximum output power were 1,6 torr He and 0.16 torr Ne and
that it took approximately 250 hours to reach this state from the pressures men-
tioned above. This investigation showed that the laser output deteriorated quickly
beyond this time and lasing terminated after another 100 hours.

The space gualified laser lifetime will be extended over that of the laser inves~
tigated by several means. First, use will be made of heated cathodes which clean
up the gas at one quarter the rate of cold cathodes. (3:4) The reasons for this is

the substantially lower electron emission of cold caﬂmdes. As a result of low
emission efficiency, the electric field at a cold cathode must be kept large, and

this causes the ions to impinge upon the cathode at high velocities and to bury them-
selves within, This souxce of ion loss is substantially lower in a heated cathode
laser,

(8) W. Watson and V. Fowler, "Optical Properties of Binary Gas Plasmas,"
Technical Report AFAL-TR-66-7, January 1966,

(4) W. Watson and V. Fowler, "Optical Properties of Binary Gas Plasmas,"
Technical Report AFAI-~TR-64-28%, November 1964,

II-323



TABILE 9.9.2,1.4-1

LASER PACKAGE PARAMETERS

Wavelength (M)
Length (cm)

Input power (watts)
Diameter (cm)
Radius (cm)

Qutside Radius of
flange (cm)

Thickness of flange
or cap {cm)
Surface (cmz)

Weight ()

Transmitier | Transmitter*
Local (single) (2 units) CO. N .
Oscillator 15 mw 15 mw each 2 2 |Symbol
0. 6328 0.6328 0,6328 10.6
20 80 80 90 L
10 50 50 50 P
15 20 25 25 21‘2
7.5 10 12.5 12.5 T,
8.5 11 13.5 13,5 r3-
1.0 1.0 1.0 1.0 t
1296 5020 7265 8050 S
1207 ==8000 10,330 12,330 w

Note: *

Internal optics provided to bring laser beam out
coaxial with long axis of package,
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A further increase in lifetime is obtained by using a large gas reservoir in the
proposed laser. The lasers studied by Watson et al, had a total volume of 66 cm®
of gas. Increasing this volume by a factor of ten should lead to a proportionate
increase in lifetime. The space qualified laser has a tube and reservoir, shown in
figure 9.9.2.1,3-2, whose total volume is approximately 660 cm’

9.9.2.1.5 Cooling Reguirements for the COg9~Ng Laser

In addition to the three He-Ne lasers a space qualified COg-Ny laser with a minimum
of 1 watt is required for use with the 0, 3-meter télescope. This laser is subject

to the same environmental conditions as the He-Ne lasers. The COy-Ng laser will
be housed in a cylindrical structure of aluminum similar to the design presented

for the He-Ny laser,

9.9.2.1.5.1 Wall Temperature and Lifetime Problems of COg Laser

In the COg laser, it is well recognized that the translational temperature of the
gaseous constituents play an important role through collision processes in deter-
mining laser output and efficiency. It is now understood that to improve efficiency
it is necessary to keep the translational gas temperature, whichis largely de-
termined by laser tube wall temperatures, as low as possible.

Thé physical basis for this requirement may be understood briefly as follows,
Since the lifetimes of the excited molecilar levels associated with lasering are
long (order of 1 msec) they are determined by collisional processes rather than
by spontaneous radiative processes. In the various collisions, vibrational energy
ig transferred from molecule to molecule and converted to translational energy,
and vice versa, thus the system will tend to thermalize. Total thermalization
- would of course prevent laser action, thus operation is necessarily at lower pres-
-sures. Partial thermalization, however, is not harmful and can help in fact.
Partial thermalization occurs when the various subsets of the molecular system
are so strongly self-coupled that they may individually be described by a Boltzman
distribution and temperature, yet several temperatures may be necessary to
describe the whole system. Basically it is the rotational levels which are strongly
coupléd to the translational gas temperatures, whereas the vibrational levels
are more strongly coupled to the electron temperature by virtue of their larger
excitational cross sections, This situation satisfies the criteria for molecular

laser action,(5’6) ie., T - T , therefore, T ., >~ T
gas vib T

vib - Telect]:'on’ Trot ot’

(5) C.K.N. Patel, "Interptretation of CO, Optical Maser Experiments, ' Phys. Rev.
Lett., vol. 12, no, 12, May 1964.

('6) T. J. Bridges and C. K. N, Patel, "High-Power Brewster Window Laser at
10.6 Microns," Appl. Phys. Lett., vol. 7, no. 9, November 1965.
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Thus, the population of the upper level in the COs (00°1 vibrational level) has.a
Boltzman distribution among the rotational levels which is characterized bya =
rotational temperature (Trot) approaching the translational temperature of jch'encoz
molecules, For trangitions on which inversion is sufficient for oscillation, varia-
tion in power among the laser lines will follow the same Boltzman distribution.
The translation temperature of the COg which determines this Boltzman distri-
bution is determined by the tube wall temperature. This is even more so the

case where helium is an additive; due to its higher velocity and higher thermal
conductivity, it produces (by collision with the CO, molecules) an even lower -
rotational temperature (again linked to the wall temperature) which shifts the,
center of the laser action to a lower P-branch transition. This leads to an im-~
provement in the maximum gain available for a few transitions near.the center

of laser action and a decrease in the gain for the remaining transitions. The
helium further enhances this process by increasing the thermalization rate among
the rotational levels,; as well as dropping the rotational temperature.” First order
analysis shows ®) gain to improve approximately as T-3/' 2, .

Experiments have since verified this, However, due to the large variation in the
laser parameters, such as amount of additive gasses used, it is too early to give
general results, and these can only be quoted for specific cases.

Bridges and Patel(G) show that for a pure COg2 laser and a COg - N9 laser with-
outputs of 2-5 watts and efficiencies of approximately 2 percent the efficiency
improves by a factor of 2 when the jacket temperature is lowered from 40°C to
-60°C,

In a more optimum tube, with the He additive and a power output of approximately
10 watts, Moeller and Rigden (" found that efficiency dropped by 50 per cent when
the tube temperature increased from 35°C to 110°C for a flowing gas system, . This
is also borne out approximately by measurements at Specira Physies ranging from
~20°C to 50°C.

From the various data the following figures may be reasonably deduced for.a COq
laser with optimum additives of nitrogen and helium, For a.power input of 50
watls output
at  0°C ~5 watts
50°C ~ 2,5 walits
130°C =~ 1. 3 watts

() G. Moeller and J. Dane Rigden, "High Power Laser Action in CO9~He Mix-
tures," Appl., Phys. Lett., vol. 7, no. 10, November 1965,
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Thus for the space requirement in question, with an output of at least 1 watt, tl_l’é‘_
laser tube jacket needs to be kept below 130°C.

The dimensions of such a laser tube could be typicaily 75-cm long and 1-cm 1
diameter. By laser tube jacket we are referring to the discharge tube axial with

the laser housing.

9.9.2.1.5.2 Window Temperature

At the moment the most promising window materials appear to be germanlum
These however need to be maintained at approximately 20°C. This may be achleved
by cooling the window-mirror housing., Possibly with a separate thermoelectric
type device.

Irtran has too high an absorption which reduces efficiency by a factor of two. Salt
windows would need to be hermetically sealed on the ground and further, they have
a tendency fo crack.

GaAs appears promising; but therelis a difficulty, however, of making large
enough crystals,

9.9.2,1.5.3 Lifetime Problems of COq Lasers

Sealed-off life of CO2 lasers is governed by the irreversible dissociation of COq.
The irreversibility of the process is believed to occur as a result of the cleanun
of oxygen from the discharge.

Possible processes leading fo depletion of O2 in CO2 laser tubes are:

a. Adsorption and absorption in the glass discharge tube.

b, Gas cleanup by electrodes.

c, Oxidation of sputtered material,
Recent work with tantalum electrodes shows that is the most plausible mechanism
where newly sputtered material from the cathode surface is oxidized either by

COy or Og, to form a stable metal oxide by either of the following reactions

50.+4 Ta<
5 a 2Ta205

and

+ =4
5(302 2 Ta® 5 CO+ Ta205
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when stable oxides are formed such as TagOg, this leads to the irreversible de-
pletion of O2, and the decomposition of CO9 to CO and oxygen.

Other processes such as oxygen trapped by sputtered cathode material on tube
walls or on the cathode surface are temporary. The sputtered material will diffuge
back from the walls to the cathode surface where it is resputtered, freeing the. '
trapped oxygen,

9.9.2.1.5.4 Methods of Extending Life Time

The depletion of CO9 may be offset by either mtroducmg a fresh supply of COy or
by adding extra oxygen to the discharge.

This may be done in two ways,

a,

b.

Gas reservoir bottles,

Active chemical elements, or bulk sorbtion getters.

In more detail:

Gas reservoir bottles may be used in conjunction with an electrically
controlled leak valve, This may be a very simple device where resistive
heating (requiring very little power) of a taut thin wire normally.holding
the valve closed, permits it to open and leak the required gas into the
laser tube.

A continuous and controllable supply of CO2 can be liberated from BaCOg
and SrCOg which are commonly used in vacuum and discharge tubes as
basic materials for oxide coated nickel cathodes, When heated to a
temperature of 1000°C these alkaline earth carbonates decompose to form
stable oxides, and release COs by

BEI.CO3 -+ BaO + 002

and

S]:'CO3 - SrO+ 002

For example a folded nickel tape with an area of 5 cm2 with a Ba - 8r - CO
coating of the type used in typical vacuum cathodes gave a gas evaluation
of 8 liter torr. This corresponds to about 10 times the COg required to
fill a 75~cm Jong, 1-cm diameter COy laser tube.
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9.9.2,1.5.5 Oxygen Source

Sources of oxygen may also be used, such as sodium peroxide which begins to de-
compose at 300°C to sodium monoxide and oxygen.

—t + > h
2 Nazo2 2 NaZO O2 (at T 2 300°C)
With these resources available it is not expected that life time will pose a problem.

9.9.2.1.5.6 ‘ 002 Laser Package Considerations

In order that the CO9-Ng laser be practical for space applications one of the forms.
of sealed-off tube designs must be employed. Each of the designs discussed places
a severe requirement on the thermal characteristics of the laser package. For the
discharge tube requires operating temperatures below 130°C for long life and a
minimum of 2 per cent efficiency (based upon 50-watts input), a lower efficiency
would place a more severe requirement on the cooling since the additional heat
would have to be removed, In order to remove thé excess heat efficiently and
keep the discharge tube wall temperature below 130°C, a more sophisticated
approach than cooling - conducting fins must be employed. This includes the use
of liquids and liguid solid (fine particles) mixtures, .

The low temperature environment is not the serious problem in the COy-Ng laser,
The problem lies in the fact that under certain environmental conditions the
mounting flange temperature might exceed the laser discharge tube wall tem-
perature, This would make heat exchange from the discharge tube to the cylindri-
cal shell of the laser package very difficult, One simple solution to this problem
is to operate the laser only when the flange temperature falls within a certain
range, Since the flange temperature takes upwards of 10 days, or more, to reach
steady state with the laser generating heat, this should not place a serious restric-
tion on the conducting of experiments. This approach could allow the CO, laser
package detailed design to incorporate conducting fins combined with a particle
filled silicone oil which acts as a good heat conductor while providing excellent
vibration isolations,

To operate the COg9~Ng laser with flange or felescope structure temperatures

above that required at the discharge fube wall for l-watt output would require
complete heat transfer ‘equipment external to thé laser package. This would require
additional prime power and space. For example, if the heat exchanges were 20

per cent efficient, and the temperature of the flange was 130°C, an additional 250
watts of prime power would be required during the operating period. In addition,
the flowing of liquid through flexible tubing tends to reduce the reliability of the
~gquipment,
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9.9.2.1,5.6.1 Alignment Transducer

The optical cavity of the Space Qualified Laser will consist of a fixed flat-surface
mirror, which couples the beam out of the cavity; a spherical back mirror, which--
is mounted on an alignment transducer with two degrees of control. The choice of
this transducer, whether it be piezoelectric or motor.controllied, will be determined
during the design phase. A servo motor alignment tfransducer draws power only
when correction is being applied but is limited in speed of response;

The alignment transducer serves a multiple function: (a) it controls the normal
changes in cavity alignment over the operating temperature range, and (b) it
provides a method for applying a remote correction to-the cavity alignment to.com
pensate for any contingencies, such as inelastic .deformation during launch or re-
entry. A discussion of the two axis servomechanism which drives the transducer
is presented in the electronics section.

9.9.2.1,5.6.2 ‘Laser Electronics rackage.

The functional electronics package is shown in the block diagram of figure,
9.9.2.1.5,6.2-1,. Its function is.to operate, mohitor, and control the laser. cavity
and discharge tube, The package will congist of: (a) a solid-state converter- |
current regulator with a high-voltage starting circuit fo initiate discharge current,
(b) a regulated filament supply, (cy alignment control servomechanisms, (d) telemr-
etry sensors consisting of thermocouples and a quadrant photodetector for- gen-
erating -alignment-error-signals  and for-monitoring the output power, and (e) telem-
etry-and amplifiers. '

9.9.2.1,5.6.3 Laser Power Supply -

The laser power supply presented in this discussion is applicable to all the lasers.
being considered for the program.- The voltage, current,.and power being .dif--
ferent for the different lasers.

The power supply contains a converter-regulator for the discharge current. A
second converter-regulator or rectified 400 Hz can be used for the filament supply
where applicable. (Not required for COg3-N5.) This approach allows standby:
operation at maximum power supply efficiency and simplifies the starting circuit.
design. A switching-type regulator is used to maintain high efficiency. A block
diagram of the converter-regulator portion of the power supply is-presented in
figure 9.9.2.1,5,6.3-1.

The current regulator, with.a few-thousand ohm series resistor, provides a high-

impedance source for the laser tube to minimize the laser noise and prevent re-
laxation oscillations. The series resistor is just large enough fo suppress
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relaxation oscillations associated with the negative dynamic resistance of the
laser tube and parasitic capacitance from the laser anode to ground, The re-
sistor is integral with the laser package, being located close to the anode to mini-
mize stray wiring capacitance,

The laser tube starting or trigger circuit is part of the discharge power supply.
The trigger voltage generator is in series with the power supply and the laser
tube. Upon command, the trigger voltage is impressed across the circuit as a
train of 20-millisecond pulses. When discharge current is sensed, the pulses
are removed. Long high-voltage pulses are used in preference to RF pulses to
minimize interference radiation during the starting period.

The two-axis alignment transducer is part of a two channel Type I servomechanism
driven by error signals from a quadrant photodetector. The quadrant photo-
detector performs four monitoring functions associated with the laser beam. These
are: power output, noise level, mode purity, and beam alignment, A circuit
assoclated with the diode separates the monitored beam parameters and channels
them to the appropriate section of the electronics package. The quadrant photo-
detector is needed to provide the error signals for the servomechanisms which
control the two-axis alignment transducer, After laser action has been achieved,
the photodetector samples part of the lager beam falling on the beam splitter

and causes the alignment transducer to deflect the beam independently in each axis
until it is centered. in the field of view of the quadrant photodetector. When this
occurs, a null voltage is impressed at the input to the servo amplifier. A separate
circuit (part of monitor circuit) samples the presence of an error at the detector.
If no signal is present at the photodetector ‘and discharge current is flowing, the
transducer servomechanism is placed in a search mode. A helical scan will be
searched out by applying quadrature voltages of changing amplitude to each axis

of the servomechanisms until a signal is detected by the photodetector.

Other parameters that will be monitored in the laser system include: discharge
current, filament current, and cavity wall temperature.

9.9.2.2 Thermal Properties of a Laser Package

Three lasers are considered in the following package design calculations. For each
of the packages the weight, temperature distribution thermal time constant, di-
mensions and other parameters are tabulated in table 9.9,2.2-1. The choice of
parameters reflects a general design approach rather than a complete and detailed
design. The generalized package design (figure 9. 9. 2,2-1) for each will be a
cylindrical sleeve that is closed on the ends by caps and is mounted to a bulkhead
by an annular flange around the middle of the cylinder.
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TABLE 9.9.2,2-1

oiii({?itor Trgntsrrrgiter CO;-Ny .
Laser No. #1 #2 #3 Symbol
Wave1éngth (cm) 6.32 8x10_—5 6.328x10° | 1.06x10" | A
Wavelength (i) 0.6328 0.6328 10.6
Length (cm) 20 ‘ 80 90 L
Input power (watts) 10 50 50 P
Output power (milliwatts) 0.1 15 1000 P
Heat flow (cal/sec) 2.39 11.9 11.9 4
Diameter (cm) 15 25 25 2r2
Radius {cm) ‘7.5 12.5 12.5 T,
Inside Radius of shell (cm) 7.463 12,057 12,0 r,
Shell thickness (cm) 0.035 0.443 0.500 (r P 1)
_Ol.ltside Radius of flange (cm) . (8.5 13.5. 13.5 Ty
Thicknegs of flange or cap (ecm) ;1.0 1.0 1.0 ot
Surface (cm?) 1296 7265 | 8050 S
Weight (g) 1 1207 10,330 12,330 W
Ambient & flange temp. (deg. C) | 20 20 20 T 0
Mean temp. rise (deg C) 8 8 ‘8 T—TO
Expansion (cm) 3.7x107° 15x10™ 17x107° AL
Expansion X 58 233 16 AL/X
. Thermal time constant (sec) 9X102 16:»:102 19x102 X -
Thermal time constant (min) 15 27 32

Thermal conductivity 0.29 . 0.29 0.29 k

cal cm 1 '

(secaﬁ deg C

Density (g/cm3) 2,77 2. 77 2,77 6
Specific heat (—_—_"31 0.23 0.23 0.23 C

g deg C
Shell cross section (cmz) 1.717 34.19 l38. 46 A
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The rate of heating of the package g, (cal/sec) is agsumed to result from complete
conversion of the elecirieal input power P{watts) to heat,

q = P/4,186 (cal/sec) (1)

This heat is assumed to be transferred to the shell uniformly along its length by
radiation from the laser tube or by other means, Heat is also assumed fo be
removed from the shell only by conduction at the flange. (To reduce the effect of
radiant heat transfer, a thermal shroud is placed over each of the shells.) This
is most effective in minimizing the efiects on the remainder of the optical system
during ground operations. The longitudinal heat flow g(2} at a distance z {rom the
middle of the package is given by Eq. (2)

q q
0 0
Az =5 - Z &

By symmetry only the right-hand portion of the package need be considered so at
the origin of the z~coordinate the heat flow has the magnitude qO/ 2 and is in the
minus-z direction at any 2. The heat flow in this one-dimensional case is algso a
function of the thermal econductivity, k, the cross-sectional area, A, and the
temperature gradient, dT/dz, as given in Eq. (3).

g{z) = -kA dT/dz {33

The temperature T(z) is obtainable from fhe temperature of the flange T and the
integral of the gradient along the shell to the point at z.

T(z) = TO »t»f aT dz 4)
0

Eliminating g(z) between Egs. (2) and (3), one obtains the following expression for
the temperature gradient

q
dT/dz =§1§§ (1 ——Zi%) (5)

One now obtains an expression for the temperature rise with respect fo the tem-
perature of the flange by carrying out the integration of Eg, (4).

q,.L 2
-7, gk (5-5) ®
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For convenience we use normalized variables for the fractional distance £ and- for
the fractional temperature rise 0 as defined in Egs. (7) and (8).

3 2z /1L (7

[z - Ty / [T@)' Tg]é )

In terms. of these variables Eg. (6) is: represented by Eqg. (9.

0.

I

.-Oi=2£ —&2 ()

From- this it is clear that the temperature rises quickly at first and then more
slowly as one passes: from the. flange (£ = 0) to the end: of the package: (€& = Iy

The mean temperature rise of the shell is requirved for estimating the thermal ex—
pansion of the cavity. TIn termos of O this i's simply 0.,

f Yo dg B
o = _0_",_1;__= f (2& - 52:): 2/3 (ZO):

o;f de 0

From this the:mean temperature rise of the package above: the flange temperature.
is obtained'.

)
_ _‘.g : L _ i , 1
T - T, =3 IZT(——Z) To]; (1)

It is seen that the mean temperature rise and the temperature rise to-the end of the-
package are- not independent; the values used for example will be:

T, = 20 122y
T'( é—‘) 32 (12b)
LY o -
T(2 - =12, (12¢).
T-T =8 (t2d)
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The length, L, and outside diameter of the packages, 2ry, have been takén as
specified. Itis now required to determine other package dimensions consistent
with the temperature given under Eqs, (12). Evaluating Eq. (6) at z = L/2 gives:

Lg
L 0 ,
T(z)" To =3k a 13)

For Eq. (13) the quantities I, qq, k, and (—T(L)- T )‘are tabulated-in table
9,9, 2, 2-1 and the cross sectional area of the shells R have bheen determined and
tabulated.

(LN o

A= 0.431Lq, [T{ (2) ’I‘Q:I' (13b)
2 .2

A = ﬂ(rz - rl ) (141:).
2 A

r = T, -7 (15)

The inside radius of the shell has also been calculated by Eq. (15) as a function of
the results of Eq. (13b) and the specified.ontside diameters (2r5). The.wall thick-
ness for package No. 1 1is clearly too thin (0. 035 cm) but that is of no conseguence
at the moment; the wall would be made thicker for mechanical reasons and this
would reduce the temperature rise along the package below the assumed value of
12°C: [see Eq. (6)] . The thickness t for the flange and end caps has been taken
as 1.0 cm and is thus about twice the thickness of the wall of the shell of package
No. 3.

The weight of each package was also calculated ﬁéing the density ¢ of aluminum
and the tabulated sizes,

5§ = 2.77 g/cm3
W=8-V=nb {-rlz (L-—2t)+r22 (L-t)+r32t} (16)

The expansion of the length of each package from the time that the laser is turned
on until it reaches a steady state is of interest as this affects the tuning of the
lager cavity unless the mirror spacing is decoupled from this expansion. The
expansion A L that has been calculated is the change in length that would occur if
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the initial temperature is uniform at T, and the final temperature is the T(z) of
Egs. (12). As the thermal expansion depends linearly on temperature, within the
present degree approximation, the mean temperature rise A T is the significant
guantity.

AT =T ~T, =8 (17)

AL . -6

7 = k= 28x10 (18)
-4

AL = 1.84x10 L (19)

Equation (18) defines the coefficient of linear expansion k, and Eq. (19) gives the
change of length. The values of AL are given in table 9,9, 2. 2~-1 both in centi-
meters and in units of the respective wavelengths.

The time during which the rising temperature affects the length of the cavity is
significant with respect to warm up times that must be allowed for the operation to
become stable. A time constant, T, can be estimated on the basis of the heat
stored at equilibrium and the rate that heat is flowing through the system.

r=w:C- AT (20)
9

The mass, W, and heat flow, qg, have been given in the table, while AT is the
mean rise from the initial temperature T; thus the numerator of Eq. (2) gives
the stored energy and qq gives the heat flow. The values of T calculated by Eq.
(20) are given in the table.

9.9.2,3 Direct System Trade-Offg

The purpose of the direct system for OTAES is to trade off laser power, beam-
pointing accuracies, and beam-collimation requirements in the spacecraft at the
expense of enlarging the ground-based optical collector, This trade-off is ex~
tremely significant because it provides a means by which spacecraft tolerances
and requirements can be relaxéd. It thus serves to enhance the reliability of the
spacecraft-to~-ground communication link.

Since the direct detection communication system is independent of the atmosphere
coherence diameter limitation, a large aperture collector can be used. A large
receiving aperture will provide an excess of aperture gain that may be traded

off to relax the pointing requirements both on the earth and in the spacecraft,
preserving the capability for megahertz bandwidth communications, The direct
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detection system technique accepts a detector efficiency of 10~1, laser efficiencies
of 104, pointing accuracies of tens of microradians, and nondiffraction-limited
optiecs. The signal-to-noise ratio for an optical communication link using direct
detection, neglecting dark current in the photodetector, is(8):

2
S= pPs
N ZeAfIPS+P

M
5|

where:
p = The responsivity of the photo-surface = ey /hy
Py = The signal power received at the photoinultiplier (watt.s)

Pp = The background power received at the photomultiplier (watts)

e = The electronic charge
At = The electrical noise bandwidth of the system (hertz)
7 = Quantum efficiency (number of charge carriers per photoni
h = Planck’'s constant
v = Optical frequency (hertz)

The receiver signal power is:

Pt Ar
P = —= —/— TT (2)
s Qt RZ 0 A
where:
Py = Transmitfed power (watts)
t = Transmitter half-power solid angle beamwidth (steradians)
A, = Effective area of the receiver collecting optics (Square meters)
To = Optical transmission
Ta = Atmospheric {ransmission

R = Range (meter).

(8)G. Biernson and R. Luey, "Requirements of 2 Coherent Laser Pulse Doppler
Radar,' Proec. IEEE, vol. 51, January 1963, pp. 202-213.
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For a ground receiver, the background power due to air scatiering is given by the
expression:

P) =ATQ M )., A @,
(Bb:_h_léS]' r o'r' )\'sky
where:

Q r = The field ~f view of the receiver

Ny = Average spectral radiance of the sky in the optical filter bandwidth, Ay
as meagured at the telescope receiver aperture, A..

Using Egs. (1), '(2‘) , and (3)', the signal-to-noise power ratio at the ground receiver
system outpui may be written.as:

] PArT TA 1
N ) QN _Ax @
’ Space to Ground ZeAfQ, tR 1 4L AT
\ Pt TA
2
Qt R

The term in the first parentheses is'the expression for signal photon noise-limited
operation. The term in the second parentheses represents the effect of background
in‘ reducing the signal-to-noise ratio for signal photon noise-limited o'perétidli.

Typical parameters for the system are given in table 9.9.2. 3 1. A graph of the
space-to=ground performanée as a function of the transmitter radiant 1ntens1ty is
shown in figure 9.9.2.3-1.

In.the curves, a typical transmitter power and beamwidth are indicated for a 30-dB
signal -to-noise ratio. 'In this case, operation will be signal photon no1se-11m1ted
Note that all the system parameters are within the state-of-the-art.

Figure 9.9.2.3-2 shows the ground-based optics diameter plotted as a function of
the spacecraft transmitter beamwidth for different laser transmitier powers. The
curves are derived from Eq. (4) The system is photon noise-limited when operating
against 4 daytime blue sky background at a distance of 82,000 km. A s1gna1-t0-n01se
requirement of 30 dB and'a 10-MHz bandwidth' have been speclfled "The other par-~
ameters are given in table 9. 9.2, 3-1.
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: TABLE 9:9-2¢3“'1
TYPICAL VALUES REQUIRED FOR DIRECT DETECTION EXPERIMENT

SPACE~TO-GROUND

SYSTEM PARAMETERS NONCCHERENT

Range

Laser Power(®

3.22 x 107 meters
{20, 000 miles)

" 1073 watts

Beamwidth &) 1.4x 1075 radians
Wavelength 6.328 x 10~7 meters
(6328 A)
Filter Bandwidth{®) 2A
Modulation Type Polarization
Filter Transmission®} 0.4
Nominal Optics Efficiency 0.75
, Ncininal Atmospheric Transmission(c) 0.5

Blue Sky at Zenith*

Typical Background Radiance
"2% 101 watts /m%-stermicron

Observed by Receiver(d)
Optical Collecior Area 50 meters?
Minimum Receiver Field of View 5 x 10~% radians
Phototube Type S-20 (C700388D)
Peak Signal to RMS Noise ® 3048

System :Band‘width 10 MH=z

(2} Possible system parameters as indicated on curve.

{b)} Speciralab mica interference filier.

{c) Less than standard elear atmosphere at 60° from zenith.
(@} Angle of sun and observer neglected for simplicity.

*. Moller, "Optics of the Lower Atmosphere,™ Applied Optics, vol. 3,
no. 2, February 1964, p. 161,
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9.9.2.3.1 Evaluation of Direct Detection at 10. B

Because of the high power and efficiency of operation (¢ = 10~} for CO9-Ny vs.

€ = 10-3 for HeNe) and relaxed tolerance requirements, the 10,6 microns, CO9-Ngo
laser may prove useful as another choice of wavelength of operation. A simple com-
parison of the 0.63-micron system to the 10.6-micron system may be made.

The background problem at 10.6 microns is less severe than at 0.63 micron. The
background power incident upon the detector is:

Pp =N, Q AXMAT Tp (5)

A typical radiance value for clear sky at 10.6 micron is:

Nk = 1 watt/m2-micron-steradian(9)

If we assume a 2-per cent bandwidth interference filter and the ground-based re-
ceiver values of table 9,9.2.3-1, the background power incident upon the detector
is:

(PB) = 1076 watts
10.6

This amount of power is small compared to the total blackbody radiation from the
optical antenna that is viewed by the detector. For a detector limited by excess
noise due to its surroundings, (10) the detectivity D* is defined as:

(S)

N

_ v 1/2

D* = 3 (AfA ) (6)

The voltage signal-to-noise ratio

P
Z|
\____/
<
Il

Py = The signal power in watts
Af = The noise bandwidth in hertz
A, = The detector area in em2.

{(9)"Background Measurements during the Infrared Measuring Program,' 1956,
AFCRL-TN-60-692, November 1960, p. 149. ,
(10)The aperture ratio of the detector must match the aperture ratio of the optical
antenna in order to collect all the energy coming from the optical antenna.

To improve the detector, a cooled spectral filter would be desirable.
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Substituting Eq. (2) for Pg in Eq. (6) and solving for the transmitter radiance gives:

2(s 1/2
P R (?) (& fAc) .
_t- = v (7)
Q‘1: D*TOTAAI'

(11) 10

Typical D* values of Ge-Hg are 3x10°" em (Hz)l/ 2/watt for an £/1. 3 detector
aperture ratio and a 49K operating temperature, The minimum area of the detector,

determined by the optics cirele of confusion, would be 0.25 cm?,

Using the parameters from table 9.9.2.3-1 in addition to those properties of the
detector, and requiring a 30-dB signal-to-noise ratio, the required transmitter
radiant intensity is:

P
?;.. = 7x 10" watts/steradian (8)
t

Detectors can be improved by incorporating cooled spectral filters such that the
detector does not see the total blackbody radiation from the optical antenna surface.
Ideally the detectors could then become photon noise-limited in their operation and
the ultimate limitation would be the photon noise of the signal and background radia-
tion in the field of view of the optics. However, it has been found that as the de-
tector field of view is reduced, other excess noise inthe detector besides background
will limit sensitivity. Thus, at present, Eq. (7) describes most aptly the per-
formance of a direct detection system at 10,6 microns rather than Eq. (4) which
describes only the photon noise-limited operation.

9.9.2.3.2 Deep—Spé.ce Performance of Direct Detection with State-of-Art
Components

If the resulfs of the analysis are extended to the Mars mission distance, then the
transmitted signal powers must be increased by the square of the ratio of the Mars/
OTAES distances or other improvements made.

Assuming the development of the critical pointing and beam-forming goals, and also
having developed data from the successful operation of the direct detection system,
a deep-space laser communication system bhecomes realizable.

(1w, wolfe, '"Handbook of Military Infrared Technology," Office of Naval
Research, Dept. of Navy, Washington, D.C., 1965,
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An important example is the maximum Mars-to<Earth distance of 236 million miles.
Ideal operation would be inthe signal photon noise-limited mode. However, in any
direct system application where the transmitter radiant intensity is limited and the
range is continually increasing, the background radiation miust be .considered as the
noise source ]imiting the ultimate system performance or guiding the system design.

At 6328 A where the maxnnum laser power is about 200 milliyvatt and optical filters
are presently limited o 2 A then it becomes necessary to improve the receiver
performance. In the previous example an 8-meter diameter aperture having a
resolution or minimum field of view of 0.5 milliradians was recommended for the
direct system. The Hale telescope at Mt. Palomar has a 5-meter diameter and a
resolution of 6 microradians. Thus, an apparent immediate improvement would

be to upgrade the resolution of the large aperture optics and perform a fine tracking
of the signal in the focal plane to solve the pointing problem. Increasing the diam-
eter would produce complications because increasing size and weight would make
Better resolution more difficult.

Column 1 of table 9.9.2.3-2 shows a typical set of parameters for an improved
direct détection system at Mars distances. Beam pointing, beam forming, large
aperture optics, and other vital developments have been assumed and Eq. (4) has
been used in this calculation to determine the system bandwidth. Both blue sky and
Mars hive been inciuded as contributing to background, and the calculation has
been made for a field of view of 27-microradian at which the background power is
equal to the signal power. Reduiring a 20-dB signal-to-noise ratio in a PCM com-
munication system allows a noise bandwidth of 53 kHz with an error rate of 1 in 106,

Column 2 of fable 2.9.2,3-2 shows a typical example for 10.6 microns using the
8-meter collector aperture on the ground. The detector for this case is limited by
its inherent noise and not blue sky or Mars background radiation. Assuming im-
proved optical resolution, the defector size has thus been reduced fo match the
optics resolution and, consequently, has improved the detector sensitivity.

"The small bandwidth of 230 Hz at 10.6-microns, compared to 53 kHz at 6328 A, is
representative of the present state-of-the-art with the indicated optics and pointing
requirements. In this example the laser input power for each wavelength is approxi-
mately equal. It has been assumed that the CO2 laser is approximately 500 times
moye efficient than the He-Ne laser af 6328 A and the parameters are representa-
tive of a direct comparison between the two wavelengths at the present time.

9.9.2.3.3 TFuture Performance

In table 9,9.2.3-2 the 6328 A direct system example is near optimum. Improvements
in detectors and filters might conceivably increase the bandwidth to the order of 0.1
MHz. However, at 10.6 microns significant improvements are possible. At 10.6
microns the received signal power incident upon the detector is 1.4 x 10-10 watt.
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TABLE 9.9.2,3-2

TYPICAL VALUES FOR A DIRECT DETECTION COMMUNICATIONS SYSTEM.-
BETWEEN MARS AND EARTH AT 236 MILLION-MILE RANGE

System Parameters

Wavelength
Laser Power-Transmitted

)

Transmitter Aperture
Pointing Accuracy @ _
Atmospheric Transmissioﬁ

Mars Backgrouﬁd

Mars Angular Size (36-p-radians)
Blue Sky Background

Colle‘cting Aperture Diameter
Reéceiver Field of view®)
Filter Transmission
Optics Efficiency

Detector

Optical Filter
Signal-to~Noise Ratio ©)

Noise Bandwidth

"1x 10

0.63u
0. 2 watt

| 1 meter

0. 1 _sec,
0. 65 @

2
8W&tt/m ~iL

2x 10" Watt/mz-y-'sfel;

‘I 8 meter

27 x 10_6 radian

1 0.4

0.75
Improved 8-20

2A
20dB
53 KHz

27x10°

10,64

100 wat

1 meterx

0.1 sec

0.5
13107 watt/m’
1 watt/xﬁz-g-s'tgf

8 meter. . '

8 radian®*
0.85

0.75"

Hg-Ge at 4°K and
f/1. 3 aperture

2000 A
20 dB

0,230 kHz

(1) Optics Requirements

() Standard Clear Atinosphere 80° from Zenith

(3) For Equal Signal and Background Power _
(4) Corresponds to Detector Area of 7.8 x 10

i.e., 2.8x 102 cm x 2.8 x 10-2 cm)

(5) PCM Error Rate = 1 in 106

*  This resolution is not necessary at 10. 6 mirerons because the largest back-
ground component originates from the optics rad1at10n, but is employed only to de=-

fine 'a minimum detector size.
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If a signal photon noise-limited system could be made by the realization of a photon
noise-limited detector and narrower optical filters to eliminate background, then
the ultimate bandwidth could be several megahertz, For example, using Eq. @)
and neglecting background power, the resultant bandwidth is 3.5 MHz at 20-dB
signal-to-noise ratio and 10 per cent detector quantum efficiency.

To achieve only a 1-MHz bandwidth background photon noise-limited operation will
be sufficient. To-achieve this mode of operation the detector must be background
limited when operating under the direct detection system conditions and narrower
bandpass optical filters will be required. Background limited defectors (Blip) are
nearly realizable at 10. 6 microns.

The background, Py limiting the detector operation will be the sum of the blue sky
thermal emission, scattered sunlight from Mars, and black body radiation from the
direct detection optics. Table 9. 9. 3. 3-3 shows the calculated power values for the
direct detection system example. It is apparent that the optics radiation is the
limiting background. Using Eq. (1), the maximum allowable value of Ppfor a 1 MHz
calculated to be 3.5 x 1010 watt., To_achieve this the optical filter bandwidth would
have to be reduced from 2000 A to 13 A.

TABLE 9. 9. 20 3-3

CALCULATED RECEIVER POWER LEVELS FOR DIRECT DETECTION
AT 10, 6 MICRONS FOR MARS-TO-EARTH EXAMPLE OF
TABLE 9.9.2,.2-2 (A = 2000 A)

Sigﬁal Power =1l.4x IOHIO watt
Sky Emission |=3.7x 10 watt

Mars Reflected

_ -9
Sunlight =7 x 10 =~ watt

8

Optics Emission* |=5.5x 10 ° watt

*Temperature =295°K
Emissivity =0.1
Angular Size

viewed by = 44°
detector .
A = 2000 A
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Detectors can be improved by incorporating cooled spectral filters such that. the.
detector does not see the total black body radiation from the optical antemna.surface:
Ideally, the .detectors.could then become photon noise limited in their operation, :
and the ultimate limitation would be the photon noise of the signal and background
radiation in the field of view of the opties,

An alternative approach at 10. 6 microns is also possible. The 1.0-meter trans~
mitting aperture produces a diffraction-limited 10-microradian beam. Pointing:
accuracies of the order of 0.5 microradian will be realized by OTAES. An increase
in aperture size to 3.1 meters will increase the.signal power by a factor of 10 and
still remain within pointing capabilities. Under these conditions a calculdtion shows
that only a Blip detector would be required to achieve a 1-MHz bandwidth.

A photoconductive detector must have .sufficient noiseless gain in order tobe properly
matched to the following amplifier. The requirement is that the photon-+noise output:
of the detector be greater than the amplifier noise. Equation (78) of Reference (8)
.describing this requirement may be written asy

l'rrfhiC(FKT) (hv)

: 9
G> \'Qez P (9
where
G = photoconduective gain
fhi = 3-dB high—frequency, cutoff required
C = detector output and amplifier input shunt capacity

FKT = amplifier noise spectral power density,

Typical values are:

%1_ =1 MH=z
i

C = 10 pfd
F =1

T = 300° K
Q =0.1,
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Using Eq. (9) when

. -10
PS + PB = Hx Ip wait

G > 80
which corvesponds to the 10. 6~micron example uging narrower spectral filters.

For the 3. 0~meter aperture case

~8
— T
Ps + PB H.6x 10

G > 5,

These values are representative of the gain required in the Blp detectors to assure
& I~MHz bandwidth.
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