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ABSTRACT

This report covers work done under NASA Grant NGR 09-015-002 Supplement
No. 57. The transfer function of the retroreflector array carried by the Geos 3
satellite has been computed at three wavelength: 5300, 6943, and 106000 A. The range
correction is given for extrapolating laser range measurements to the center of gravity

of the satellite. The reflectivity of the array has been computed for estimating laser-
echo signal strengths.



OPTICAL. AND INFRARED TRANSFER FUNCTION
OF THE GEOS 3 RETROREFLECTOR ARRAY

Technieal Report
RTOP 161-05-02

1. INTRODUCTION

This is the fourth in 2 series of reports giving transfer functions for satellites
with retroreflector arrays (refs. 1, 2, and 3). Some transfer-function analyses were
included in ref. 4. In this report, the analysis of Geos 3 {7502701), which was partially
presented in ref. 1, is completed. A special analysis has been dczne for the infrared
cube corner designed for use with lasers operating at \ = 106000 A.

Data on the Geos 3 retroreflector array were obtained from the Applied Physics
Laboratory of Johns Hopkins University and from Goddard Space Flight Center.



2. CUBE-CORNER SPECIFICATIONS

The cube corners on Geos 3 have hexagonal entrance faces, each with a width of
35 mm across flats. The length from vertex to face is 352 = 24.75 mm. The
optical reflectors are made of fused silica, and the reflecting faces are silver coated.
The dihedral angles between the back faces are 90° + 2!'0 + 01'5 in order to compen-
sate for velocity aberration. The infrared cube corner is made of Irtran-2. The
reflecting faces are uncoated, and the dihedral angles are not offset from 90°. Diffrac-

tion provides the necessary beam spread at a wavelength of 106000 A.



3. GEOMETRY OF THE ARRAY

The optical retroreflector array consists of 264 cube corners mounted on a 45°
conic frustrum, as shown in Figure 1. The infrared cube corner is mounted on the
end of a tube facing the earth., The optical cube corners are arranged in three rows

with 88 cube corners in each row; their orientation is shown in Figure 2.

OPTICAL
RETROREFLECTOR
ARRAY

INFRARED
CUBE CORNER

<,
‘p/\
s

Figure 1. Geos 3 satellite.



Figure 2. Orientation of optical cube corners.

The coordinate system used to position the cube corners has its origin at the
spacecraft orbital center of gravity. The Z axis is parallel to the gravity-gradient
boom, with the positive direction away from the spacecraft toward the end mass; the
X axis is along the velocity vector, with the positive direction in the direction of flight;
and the Y axis is perpendicular to the X and Z axes, with the positive direction chosen
to form a right~hand coordinate system. Table 1 lists the radius and Z coordinates

of the center of the front face of each row of cube corners.

Table 1. Radius and Z position of each row of optical cube corners.

Radius Z
Row {inches) (m) {inches) (m)
21.390  0.5433 ~53. 448 ~1. 3576
22. 250 0. 5652 ~52. 589 -1, 3358
23.109 0.5870 -51.730 ~-1.3139

The spacecraft's center of gravity is not precisely on the symmetry axis of the

satellite; the relationship is shown in Figure 3.
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Figure 3. Displacement of the spacecraft center of gravity (CG) from the satellite
symmetry axis.

The coordinates of the infrared and the optical cube corners are given in Table 2.
The angle 9, in degrees, is measured from the center of the array (the symmetry axis
of the satellite), as shown in Figure 4. The X’ and Y’ axes are parallel to the X and
Y axes, with the origin at the symmetry axis. The position and orientation of the
infrared cube corner are shown in Figure 5; the Z coordinate is -1.7399 m. The front
face points toward the earth (the direction of the negative Z axis).

/

+Y +Y

SPACECRAFT
/ Y.

+X /
+x’ ~_SYMMETRY
AXIS

Figure 4. Coordinate system for the optical cube-corner orientation angle 6.
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Figure 5. Position and orientation of the infrared cube corner.
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able 2. Cube-corner coordinates.

a: Infrared coordinates (mj

X

-0, 3969

Y

Z

-1.7399

b: Optical coordinates (m) and orientation {degrees)

+ 54201
540862
+ 53648
« 52959
« 52000
« 50775
«49291
e T55S
45576
3364
+ 40930
+ 38288
+ 35449
«32429
029243
« 25908
e 22040
« 18857
« 15177
olliélg
07602
+ 03746
- 00130
- 04006
s 07862
-sll679
-o 15437
-e19117
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-e26168
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=1+35758
~l.35758
~le35758
~1s35758
-1.35758
-~1.35758
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“] 435758
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«-la35758
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-1es35758
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~1e35758

‘1;35758.

-1e35758
~1le35758

THETA
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85,909
Blebls
17,727
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$9,545
65,454
61,364
57,273
53.182
45,091
“5,000
40,909
364,818
32.727
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24 4545
20,454
16,343
12,273
8,182
4,091
360,000
355,909
35l.818
347,727
343,636
339,545
335,454
3314363
327,273
323,182
319.091
315,000
310.909
306.818
302,728
298,637

- 2944546

290,455
286,364
282,273
278,182
274,091
270,000
265,909

261,818 . .

287,727
253,636
249,546
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THETA

245,455
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200,455
196,364
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188,182
184,091
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175.909
171.818
167,727
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159,545
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151,364
147,273
143,182
139,091
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130,909
126,818
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114,545
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94,091
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T9.773
T5.6B2
T1.591
6T.500
63,409
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e 13847

« 09504

«05911

«G18B7
maD2147
-s+06171
-+ 1016%
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-s46553
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~e56321
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-e53753
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e 50667
a4 8734
-aeH553
~y4l35
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we3IBBG]
-e32362
-e2BI6B
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-s 17977

Table 2.

Z THETA
=le33576 38,864
~1e33578 34,773
~1e3357¢ 30,682
-1+33578 26,.59]
=1,33576 224500
~1433576 18,409
~1e3357¢ 144,318
~1a33576 10,227
-1433578 6,136
~1+433576 2045
~1e33576 357.954
~1433576 353,863
=1.33576 349,772
-la33576 345,682
-1433576 341,591
-1s33576 337,500
=~1.33576 333,409
-1433576 329,318
-1e33576 325,228
-1l433576 321,137
«la33576 317,046
“1433576 312,955
«~14335746 308,864
=1433576 304,773
=1433576 300,682
“le33576 296,591
=1e33576 292,500
=14335786 288,409
~1433576 284,318
~1+33576 280,227
~1e33576 2764137
~14335T6 Z272.046
«1433576 267,955
=14335%76 263,864
“wle33576 259,773
=1433576 255,6R2
=1e33576 251.%91
«le33576 247,500
«“1433576 243,409
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~1e335T6 222,955
=1,33576 218,864
~1e33576 214,713
~1+33576 210,682
=1,33576 206,591
=1433576 202,500
=1 33576 198,409
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4. METHOD OF COMPUTING THE TRANSFER FUNCTION

In computing the reflectivity of the Geos 3 retroreflector array, the cube corners
have been modeled as isothermal, geometrically perfect reflectors (except for the
dihedral-angle offset) with perfect~metal reflecting coatings on the back faces. The
primary effect of real metal faces is a decrease in the intensity of the return signal
because of the triple metallic reflection., This loss should be added to the constant 3
of the next section, along with reflection losses at the front face on entering and leav~

ing the cube corners.

Computation of the range correction includes a correction for the optical path
length of the ray within the cube corner. The range correction is the difference
between the centroid of the actual return signal and the centroid of the return signal
that would be received from a point reflector at the center of gravity of the satellite.
The correction listed is the one~way correction.

The reflectivities and range corrections presented in all the tables are for the
incoherent case; that is, the intensities of the reflections are added without taking
into account coherent interference among the reflected signals from the individual

cube corners.

The variation of the range correction due to optical coherence has been derived by
statistical analysis of a set of coherent returns, which was constructed by assigning
random phases to the reflection from each cube corner by means of a pseudo random-
number generator. Since the computer time required to compute a coherent return
increases as the square of the number of cube corners, the calculations were done
with a reduced array obtained by selecting every Nth reflector in each row of cube
corners, where N is 2, 4, or 8. Reduced arrays have also been used in diffraction
calculations, Except when the calculations have been performed for specific values of
velocity aberration, the curves in Figure 7 (Section 6), giving the average reflectivity
of the cube corners between velocity aberrations of 25 and 50 prad, have been used to

10



compute the strength of the reflection from each cube corner. As the curves for 5300
and 6943 A are almost the same, the one for 5300 A is used unless runs have been
made for both wavelengths,

Since the array consists of circular rings of cube corners, the reflectivity is
independent of azimuth. The slight offset of the center of gravity from the symmetry
axis causes a slight variation of the range correction with azimuth, but the effect on
the range is zero when averaged over all azimuths., All the computer runs have been

done at an azimuth 90° away from the offset, so there is no effect on the range correc-
tion.

1l



5. SIGNAL-STRENGTH COMPUTATION

The data contained in the tables presented later can be used to estimate signal
strengths for laser ranging by use of the following equation:

2

_E I
N =35 G1r8sGshp AT

where

N = number of photoelectrons,
= transmitied energy,
h = Planck's constant,
v = frequency of laser light,
Gq = "gain" of transmitter,
g = active reflecting area of satellite,

A
GS = "gain" of satellite array,

AR = area of receiving telescope,

T = atmospheric-transmission factor,

R = range from station to satellite,

n = constant, which includes the quantum efficiency of the photomultiplier

and the optical transmission factors of the transmitter, the satellite,
and the receiver.

If the transmitted beam is a uniform spot of solid angle Q2 py the "gain" function
of the transmitter is

1
Gy = ==
TS,

12



The gain functions in this equation do not contain the factor of 4w used in the standard

definition of gain. Those given in later sections can be converted to the standard

definition by multiplying by 4w, The signal-strength equation above can be converted

to the standard definition of gain by adding the factor 1/(4m)>.

13



6. OPTICAL CUBE~-CORNER REFLECTIVITY

The reflectivity of the Geos 3 optical cube corners is given below as a function of
incidence angle. The angle ¢ is measured from the normal to the front face, and the
angle 0 is the angle to the projection of the incident beam onto the front face; both
these angles are shown in Figure 6. In each graph, the upper curve is the total
reflectivity and is proportional to the active reflecting area; the lower curve is the
average reflectivity in the annulus between 25 and 50 prad from the center of the
reflected beam in the far field, which is approximately that region of the far field
observed during laser ranging because of velocity aberration. The curves do not
include reflection losses, and all curves are normalized to unity at normal incidence.

The active reflecting area at normal incidence is

g_:_g‘ w2 m‘;—z (3.5 cm)? = 10. 6088 cm?

for a hexagonal cube corner whose width W = 3,5 cm across flats. If the cube corners
had perfect-metal reflecting faces and no dihedral-angle offset, the gain at the center
of the far~field pattern would be G = A/kz, where A is the active reflecting area, \
the wavelength of the incident beam, and G the gain as defined in Section 5. (The
standard expression for gain in this case is 41rA/?\2.) For the Geos 3 cube corners,
the gain at normal incidence in the 25~ to 50-prad annulus for the 5300 and 6943 A
wavelengths is 0. 0262 and 0.0394, respectively, times A/kz.

e
'
- //\3
b

Figure 6. Direction of incident beam.
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To convert the normalized reflectivities in the annulus to gain, values from

Figure 7 are multiplied by G5300 or Gﬁ 943! where

A " 7
G5300 = 0, (0262 )\2 = 8,885 X 10
5300
and
_ A 7
G6943—~9.0394 }\2 = 8,671 X 10
6943

In all the curves of Figure 7, the reflectivity in the annulus falls off more rapidly

with incidence angle than does the total reflectivity, because diffraction spreads the
beam as the active reflecting area becomes smaller. The curves for the two differ-
ent wavelengths are fairly similar, but the difference between the total reflectivity

and the reflectivity in the annulus is significant. The latter reflectivity does not go

as the square of the active reflecting area for two reasons: The reflectivity is not
measured at the center of the far-field pattern, and the reflectors have dihedral-angle
offsets designed to spread the beam by an amount equal to the velocity aberration. The
data used to plot the reflectivity in the annulus are listed in Table 3. The active reflect~
ing area and the reflectivity in the annulus repeat every 60° in 8. In addition, the
values for 30° - 6 are equal to those for 30° + 0.

15



Table 3. Average reflectivity of a Geos 3 optical cube corner in the 25- to 50-prad
annulus of the far-field diffraction pattern. The angles 6 and ¢ are defined

in Figure 6.

PHI

0

i0
15
20
25
30
35
40
45
50
58
60
65

10
15
20
25
30
35
40
45
50
55
60
&5

THETA 0

1.060000
e873459
e T4TE23
«613009
»485628
«376493
0263542
151124
«080963
047715
2023934
+ 007978
001145

0+000000

14000000
+ 858437
e 725605
0609522
P %:1-3:1-1)
0347309
«221709
«138974
« 090526
« 052331
«023348
e 006598
«000711

0000000
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THETA 10 THETA 20
a: A=53004
1.,000000 1,000000
866570  LB61876
« 734170 4725697
«598221 4590054
«474333 470211
«366436 359414
0256402  ,247662
« 155796  ,162208
.089195  ,110225
«050723 064463
.022251  ,023511
2005420  4002B24
.000191 0,000000
0.000000 0,000000
b: A=6943 &
1000000 1,000000
.850265  ,B46888
» 713353  ,709062
«593175 585329
0469136  L,45B8091
e336414  .331691
0222177 232867
«145139  ,166315
+092933 +110301
+ 051291 « 056090
«020770  LO17723
2004545  L,001854
000076 0,000000
0.000000 0,000000

THETA 30

1000000
« 860404
0723136
« 588197
69748
«3558B80
241249
162041
«118907
+ 0740584
«027179%
+002481

0,000000

0.,000000

1.,000000
oB46205
« 7108368
« 583179
0454153
«330076
« 238484
+ 178454
+1230862
«0644462
«+ 020024
+001396

0, 000000

0,000000
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Figure 7, Active reflecting area and average reflectivity in the 25~ to 50-prad annulus
of the far-field diffraction pattern for a Geos 3 optical cube corner. The
incidence angles 6 and ¢ are defined in Figure 6; the index of refraction n
and the wavelength \ are listed for each set of curves. The solid curve is
the active reflecting area (total reflectivity), and the dashed curve, the
reflectivity in the 25- to 50-urad annulus, a: 8 =0° n= ].455, \ = 6943 A,

17



REFLECTIVITY

1.0

0.1

0.0l

0.00l

507- 092

18



REFLECTIVITY

0.0l

507-092

0.00l

b1 111

19

60



0.1

REFLECTIVITY

0.0l

0.00I

507092

¥i¥l!|

H

i

TTTTT]

I

|

Ll

|

i

Figure 7d: 8 = 30°, n = 1,455, \ = 6943 A.
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Figure 7f: 6 = 10°, n = 1.461, \ = 5300 A,
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7. ARRAY REFLECTIVITY

This section contains information on the reflectivity of the Geos 3 optical retro-

reflector array.

Tables 4 and 5 were computed by using the cube-corner reflectivity curves of
Figure 7. Table 4 gives the total reflectivity N and Table 5, the reflectivity in the
annulus N)\ in terms of the equivalent number of cube corners at normal incidence.
The area A of one cube corner at normal incidence is 10. 6088 sz_ The total reflected
energy, which is proportional to the active reflecting area ANT’ can be measured only
under laboratory conditions. From Table 5, estimates of signal strengths for laser
ranging can be made by means of the range equation in Section 5. The array cross
section ASGS is given by AN)\G)\’ wheTe G5300 = 9,895 X 167 and G6943 = 8.671 X 107.
To use the gain-function data of Tables 6 and 7 in the range equation, set the cross

section A_G, equal to AN,.G, taking G from the appropriate table.

578 T

Table 5 shows that the reflectivity in the 25~ to 50~prad annulus is about the same
for both wavelengths, but there is a significant difference between the curves of
Tables 4 and 5. For example, at ¢ = 0°, the total reflectivity is equivalent to about
25 cube corners; however, the reflectivity in the annulus is equivalent to only 12 or
13 cube corners. The maximum reflectivity of the array occurs between 40° and 45°
as a result of the 45° tilt of the cube corners with respect to the symmetry axis. The
reflectivity at 60° is large compared to previous Geos arrays, with the result that
signal strengths are much stronger under the adverse conditions of long range and low
elevations above the horizon. Since the satellite is gravity stabilized, the incidence

angle ¢ cannot be more than about 60°,

In the computer-plotted graphs to the right of Tables 4 and 5, the reflectivity

increases to the right and the incidence angle ¢ increases down the page.

Table 6 shows how the array gain function varies with velocity aberration. The

25



second is the array gain function in units of 107. In the computer-plotted graph, the
gain function increases to the right and the velocity aberration, down the page. The
gain function is the average value around a circle in the far field with radius equal to

the velocity aberration. The second part of each table gives the root-mean-square
(rms) variation of the gain around the circle. At ¢ = 0°, the gain has almost perfect
circular symmetry, as indicated by the fact that the rms variation is nearly zero.

The curves for larger incidence angles, such as ¢ = 45°, show the effect of the dihedral-
angle offset in peaking the intensity in the 25- to 50-urad annulus.

Some of the gain-function matrices from which the data of Table 6 were computed
are given in Table 7. Only the right half of the matrix has been presented, since the
diffraction pattern for a cube corner with perfect-metal reflecting faces has the
symmetry property G@® 1’ 62) = G(-0 D »82). The angles 91 and 62, in microradians,
are defined in Figure 8. The angle 92 is in the direction of decreasing ¢ in the plane
containing the ~Z axis and the direction toward the illuminating laser (the vector '\-/’")
The angle 8 1 is normal to the plane in the direction of -!Z\ x V.

<L

+ X

+y \RETROREFLECTOR

ARRAY

Figure 8. Diffraction-pattern coordinate system.
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Figure 9 (p. 42) consists of contour plots of the gain-function matrices given in
Table 7. Circles have been drawn with radii of 25 and 50 prad to mark the minimum
and maximum values of velocity aberration. The contour levels plotted are 8, 4, 2, 1,
and 0.5X 107, The positions of peaks in the pattern are indicated by asterisks. The
contours for ¢ = 0° are circles because of the symmetry of the array, while those for
larger values of ¢ show an unexpected asymmetry. We had expected to find
G(sl, 92) = G(wel, 82)
metrical in this direction (see Figure 8). The asymmetry is the result of the orienta-

because the distribution of cube corners in the array is sym-~

tion of the cube corners: From Figure 2 we see that the orientation of a cube corner

on the left is not symmetrical with respect to one on the right.

If the cube corners were oriented as shown in Figure 10, the far-field pattern
would be symmetrical from left to right. [Note: The packing is obviously not so
efficient in Figure 10 as it is in Figure 2.] X the dihedral-angle offset were not
present, the asymmetry would disappear, since the direction of the exiting wavefront
for each of the gix sectors of the cube corner would be the same regardless of the
order of the reflections at the back faces. The array transfer function would not be
improved by making it symmetrical, however, because the variations in intensity and
range correction between different points in the far field would still be about the same.

\é @
IIRTERI TSR
RIS
— TR —

Figure 10. Alternate method of cube~corner orientation.
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Table 7. Sample gain-function matrices. The angles 8; and 8,, in microradians,
are defined in Figure 8. Only half the matrix is presented since
G(6,,6,) = G(-0,, -8,).

a:  Pr] c DIHEDRAL ANGLE 2,00 WAVELENGTH 5300

82 GAIN FUNCTIOH (leE+T)
50 2e890 2487 2478 2466 2,50 2434 2418 2,03 1,90 1,78 1,66
43 Fe80 3,56 3443 3423 2,95 2,713 248 2,26 2,07 1l.91 1.78
40 4450  Gobd 42T 3,99 3,65 3,27 24,90 2.56 2,29 2,07 1.9C
35 582 5445 5423 G.B9 bbb 3,94 3,43 2,96 2,56 2,26 2,03
30 GeB8 B44T bHaldH S.8B3 5,30 4eH9 4,05 3,43 2,90 2,48 2,18
25 TebQ 7450 Teldl 6475 Held 5,45 @409 3,94 3,27 2,73 2.34
20 BabS6 8,45 B.12 7460 6493 6415 5,30 4,484 3,65 2,99 2,50
157 Qaéé Go32 Ba93 Ba34 T460 6475 5483 4,89 3,99 3,23 2,86
10 104622 10405 9,460 Be93 Bel2 Tel2l Gald 5,23 4,27 3,43 2,78
5 10475 10457 10405 Ga32 8e45 750 649 5,45 64,44 3,56 2,87
0 10494 10475 1022 G4t BuS56 Tabll 6458 5,52 4,50 3,60 2,90

-5 10675 10457 10,05 Gedd 8,45 Ta50 Ge%9 Bead Lyt 3.58 Za87
-10 10622 10,05 94060 8493 Bal2 T.21 6a4dé 5,23 4,27 3,43 2,78

~15 Febb GL.32 Be93 B,34 T80 6,75 583 4,89 3,99 3.23 2.66
-20 BaBE BadS Bel2 TebD 6,93 6415 5430 4,06 3,65 2,99 2,50
"'25 7.50 7.50 7.23 6075 6515 5."5 4669 3!?4 3.27 2.73 2.3‘0
~30 Ee5B 6449 6624 5483 5,30 6,69 4,05 3,43 2,90 2,48 2,18
=35 5252 5445 5423 4489 444 3,94 3,43 2,96 2,56 2426 2,03
-40 4050 4abh 4427 3499 3465 3,27 2430 2,56 2,29 2,07 1.90
i 3660 3456 3,43 3,23 2499 2473 2448 2,26 2,07 1.91 1,78
=50 2290 2487 2478 2,66 2,50 2434 ZelB8 2403 1,90 Ll 7B l.b6
G 5 10 15 20 25 30 35 40 45 50 g

b: PHI 25 DIHEDRAL ANGLE 2,00 WAVELENGTH 5300

8, GAIN FUNCTION (1+E+T7)

50 Ba54 6495 Tal8 Te20 T,05 6,79 64,36 5,68 4,76 3,72 2.81
45 Tadl Ta95 B427 8,35 8423 7498 Tu58 6,92 5,94 4,78 3,62
40 TaTT Be32 BabT BebB& 8,83 8,64 Belé& T,9B 6,65 5,52 4,29
as BoB58 BeBB 94,04 94,20 9428 9415 BebB 7,89 6,90 5,83 4,68
30 9479 GebZ 9453 Q.65 9,82 9.73 9420 B,20 T.00 5,88 4,82
25 GaTd 9430 G431 9469 10403 10,05 9,60 8,58 7,21 5,93 4,87
15 4425 4,68 5,83 T,12 Te86 B.10 8.4 B,55 T.86 6,58 5,28
10 293 3486 4462 5,63 6413 6435 Telb B.l6 B.,l6 T.l2 5,70
5 3081 4409 44185 4,53 4,Th 4,99 6,15 T478 B437 Te53 .05

0 4460 4,08 3,49 3,69 4,04 4,41 5,72 Te56 B,29 7,52 6407
wh 3e8l 2498 2473 3453 4,27 4473 5486 T 34 T,TB 6,94 5,63
-10 2493 2463 3,39 4,82 5459 5,72 6425 6,98 6,88 5,95  4.89
=15 4e25 6,TT bald 7429 Te33 673 6450 6,42 5,81 4,89 4,13
-20 Teh0 BaZT 9417 Ga22 8423 TeUS 6433 5,71 4,82 4,03 3,5)
-25 GaT6 10425 10415 9,16 7,71 6,58 5.8l 4,99 4,07 3,43 3,04
«30 GaT9 Gubh?2 BelH2 Tob0D 6452 S,LT 5,29 4,46 3,59 3,05 2,67
-35 BaB8 7,96 TLUB 6,28 5,84 5,56 5,01 4,13 3,32 2,79 2.36
«4( TeTT 7206 6441 6,02 5,84 5,50 4,76 3,83 3,06 2,53 2,05
=45 Tedl 648l 65432 6,01 5,67 5,06 4,17 3,30 2,65 2,14 1,69
L 1¢ R VA ¥ SRR ¢TSS - A T ST S - A D - S AT Skl I ¢ LB DAV B

0 5 10 15 20 2% 30 35 40 45 50
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-25
-30
-35
-40
-45
~50

-10
-15
20
-25
=30
-35
i
-bh
«50

Te2b
Feb9
11440

10423

Te56
6473
6490
4487
2450
e T2
baTl
e 72
2¢90
4eB7
6e90
6473
Te56
10,23
{1let0d
Seb9
Telh

6430
Geb3
be719
Tall
Teb9
T+31
5233
2498
2434
3.56
bebd
.56
e 1)
2498
533
T«31
Te&
TellB
679
6eb3
6430

g

PHI

T«B7
10,40
12,23
11e54

5419

T4

7.{15

5,23

291

3.56

4a57

3400

Z2elb

4e59

6e37

6.19

Te2l

G.,73
10,53

Ba72

6450

PHI

Tel8
TaT3
8,07
Bebd
Fed9
B.98
6e91
4409
2458
2494
3.59
3415
2437
2e77

5.94
bebT
628
5490
Detl
508

45

He3l
10,80
12.87
13.30
11,70

9.58

Tet8

5454

2488

1473

1.53

i1e19

2424

4eT3

6ell

6252

8.01

Fe?5

9.50

Te54

5.63

10

50

T+69
B470
9.59
10,41
10.86
10427
8433
5.69
3,63
2eB4
2e87
3.02
3,22
3,76
T hebl
5,42
5.90
5,90
5439
LY T
3,82

Table 7. (Cont.)

DIHEDRAL ANGLE 2.

8,48
10,74
12,82
l4.26
13,61
i0,.88

7493

5«54

3.42

2405

173

2e25

3.64

5421

bel9

T.38

9.02

QebT

B.13

6426

475

GAIN FUNCTIOHN
Bo.2% 7,57
10420 9,34
11,78 10,31
13437 11,31
13442 11,59
10.B7 9,96
T 7,18
S.06 4,93
3,79 4,05
3450 4454
4e03 5,95
4ol Batb
528 6£.45
B5e62 6,431
Gebl Tel2
T«9B B,32
G405 B436
Bus3l 6.96
BeSB 5452
SelT 4,57
3497 3436
20 25

15

DIHEDRAL ANGLE 2.

GAIN FUNCTION

Tel7
Fa22
10,71
1174
11.73
10.54
Beb2
6eb3
5.08
“el3
heb2
5e33
5.83
b'el
6410
bal2
6,05
5429
4ell
3,11

.mSJlﬂsfaila-l5.ﬂ;

Te33
B 495
10,81
11.9%6
11,63
G.88
Te72
bel6
Satt?
5406
S.91
be72
T.58
B.08
B,02
T.67
T.21
6451
541
4,08
2490

20

39

bub3
B.04
9«63
10,96
104,84
B.E9Y
6a72
5.26
S.001
6886
B.10
Gels
G772
9469
9.0%
8,06
6,79
5440
4,05
2o bite

g

00
{leE+7

be43
Ba.la
8,98
G451
9,83
Geld
Tab7
2498
5423
5499
Te)
1,99
TeT2
Te?b
Y]
BeBa
Te94
6‘37
5«21
“.23
2479

a0

(934]
(1sE+7

Se28
19-13
8410
9401
8,86
TebHB
Eal5
5415
5.2‘0
6a30
T.98
9.50
10,50
10,84
- 10452
9.6l
8.29
6 77
5.28
3.93
2,73

.Bﬁmfﬂ

WAVELENGTH
}
“.98 3,58
6,57 4,80
T.55 5,82
Bell 6,55
B450 7,04
B.,58 T.35
Beld T,54
Te325 7T.58
64,89 T.47
Tald T 45
Be23 Teb2
Ba66 T,97
8,75 B.56
G.13 9,17
G452 9,16
.06 B,22
Tebd 6,77
ball 5437
4e82 4,11
3266 2,76
2el8 1,49
as 40
WAVELENGTH
H
3,95 2.62
5,08 3,44
6,07 4,20
Eabd 4 yb3
6.61 4,63
6.06 4,38
Sehls 4,28
5432 4,80
6,08 6.12
Tee5 8,04
9452 9,97
1100 11,27
llet6l 11,54
11434 10,90
G432 B,.59
B,02 7439
6,60 6,10
Selé 4,70
3,76 3,34
2457 2421
35T e

5300

2456
3,39
ho24
5.02
5.58
5.82
6el3
64,57
6,78
6456
6435
6,68
Takb
Te96
Te66
b6e72
5.56
4437
3.13
1,94
1.02

45

5300

1.59
2elb
277
3.22
3,35
3.24
3.26
3 » 86
5.23
7.07
8,83
G497
10,24
972
7«55
6431
5,03
3,74
2457
l.66

1492
2450
3,13
3,83
4,38
4459
4e75
S5elt
5.58
Sebb
5463
5490
6e33
637
594
5430
4e51
3.4%
2e36
le40

« 75

50

+ 99
1634
179
2423
2eiB
2454
2eb8
3.19
429
575
Telb
Balé
8.52
Balb

Pkl

6425
he93
3,70
2465
1481
117

50



5C
45
40
a5
30
25
20
15
10

-5
-10
-15
=20
-25
w30
=35
-4 (0
45
-50

-45
-50

3ell
3.78
4482
534
bel4
Tel®
Beléb
9.08
Q.84
10.34
1052
1034
9eB4
G¢0OB
Baléb
Tel9
Galh
Se3b
44,52
3.78
311

4636
S5e77
Tel%
Tel2
Tel2
5«88
5419
607
Bobets
10,98
12.07
10.98
Bebd
6407
5.19
5.88
Tsl2
Tel2
Talh
5477
4436

PHI

.08
3,74
528
ol
7410
805
B.94
Geb8
10.17
10434
10417
G.68
BuG8
805
7.10
belb
5,28
4447
T4
3,08

5

PHI

4ebB
581
Tall
T7.72
Te32

0 OIHEDRAL ANGLE

2499
3463
‘0.33
510
5.9%
6.82
T.71
Be54
Ge22
Geb8
9484
.68
9.22
Bu54
TeTl
be82
5.94%
5.10
4e33
3463
2499

10

25 DIHEDRAL ANGLE

Table 7. (Cont.)

GAIN FUNCT]OMN

2484
3445
4a11
“eB3
560
be4l
Tel9
Te93
8.5‘!
BeT4
9.08
BeG4h
BeSu
T.93
Talg
6440
5.60
“oB3
4411
3445
ZaB4

15

2465
3,21
3,82
bot?
Selb
5487
be56
7419
7471
8405
Ba.16
8,05
TeTl
7419
6+56
5487
5416
44T
3,82
3,21
2.65

20

GAIN FUNCTION

G461
5.82
Tel8
Bel2
8.60
LY
Bel4
8420
Bub5
8469
8,13
6.90
5469
5.30

600

Ted3
8,03
7. T4
LY
4eT5
3440

g

L -TE
5480
Tel?
8,37
9.08
.20
9.00
BaT4
B.50
8410
Te37
6449
5.89
6.00

6475

Te59
T80
T«06
5.62
4,09
3,00

o e

40

6343

l.46
1s71
2.00
2431
2eb3
2493
3,21
3445
3,63
3,74
3.78
3e74
3.63
3,45
3,21
2,93
2a63
2431
2.00
1,71
leb

45

3,27
3.83
4450
5,17
5;67
5,89
5.79
Set?
5,08
L}
“e38
4alb
4,00
3,88

3,49
3.13
2469
2:26
190
lLab4

2400 WAVELENGTH
{lsE+T)
243 2418 1,93 1,68
2493 2.63 2.31 2,00
3.‘08 301}~ 2'73 2.3&
4.UT 3,63 3,18 2,73
4ebT 4415 3,63 3,11
5elB 4467 4,07 3,48
5487 D5elb 4,47 3,82
6.‘00 5.50 4.53 4.1},
beti2 5,94 5,10 4,33
TallO Belb 54,28 4,47
TelG Ba26 5436 4,52
Teil Belb S.,28 G447
682 5494 5,10 4,33
640 5,60 4,83 4,11
567 Delb  4eaT 3,82
5‘28 "167 ".U-’ 3.‘08
‘!’.fz? 4.15 3.63 3.11
4«07 3,63 3,18 2,73
3448 3411 2,73 2,36
2453 2.63 2,31 2,00
2443 2418 1.93 1,68
25 30 35 4“0
2«00 WAVELENGTH 69423
(leE+7}
4et0 4,46 4,1R 3,78
5469 5445 5,06 4,51
£.99 6463 6,08 5,37
Be22 Told 7,04 6,18
9405 8451 7,69 6,73
Fe32 BLTT 7,86 6,88
Gal4 EuS54 7,57 6,63
8.72 8,00 6,98 6,11
Bol7T 7,33 6,27 5,50
TeB4 6465 5,63 4,95
6,85 6,06 5,13 4,55
6e27 5468 4,87 4,32
be04 DB,61 4,84 4,26
6229 DaE3 4,98 4,29
6e83 6413 5,12 4,29
T+20 6419 5,05 4,15
6496 5477 4465 3,79
6402 4490 3,9R 3,28
heb9 3,87 3.2% o £
3.4T 2499 2463 2,29
ZetB 2445 2,24 1.98
HZSH 50" 3s‘m W6

3,73 ]

le6
1e#b
1+6E
193
2418
2e43
2e65
ZeBé
2.99
3.08
3.11
3.08
2499
284
2465
Zeh3
2elB
1493
1468
leaé
1e26
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~40

-50

50
45
40
35
30
25
20
15
10

owm

-5
-10
-l5
-20
-2
=30
=-35
-0
=45
=50

g

531
5456
6.32
B.28

10,454

10.89
Beb7
6,28
6469
Q450

ilels
9,50
6469
6428
8ab7

10.89

10454
8428
6632
5459
5431

heTlb
b6
Te59
B8.05
Ta27
575
beT5
5240
Teb6T
10424
11,34
10424
TebT
Ea+40
4e75
S5e75
Te27
8205
Te59
a6
Helb

PH1

5.79
&s26
T«02
B+80
i0.82
11413
9.02
EeD4
be3%
B«35
Geh2
TeB6
Sebk4
.78
B.34
1Ge45
10.00
TeB4
6.06
5e45
5415

Phl

S5.13
8.02

45

650
Tedb
Ball
9439
10.88
1lela
9035
6.76
5o
5,73
5.89
4e92
4e20
Se07
Bol7
JeB8
Fe33
Te56
6425
Sel5
523

10

60

Table 7. (Cont.)

DIHEDRAL ANGLE

GAIN FUNCTION

Telb
8¢5}
9431
G497
10.70
10,83
.56
Teldb
5423
G416
3.62
3431
3.89
SeB4
B.lé
Ged3
8464
Te49
Gel3
o2l
5.30

15

DIHEDRAL ANGLE

Te33
F.13
10,04
10,21
16,19
10,06
9433
T«19
5.98
460
392
4401
5.01
Seb5
8,03
8439
Te94
TebZ
7.06
.38
5408

20

GAIN FUNCTION

Sa %4
Tal4
8.09
8.52
8431
Ts+62
b.87
bekB
6457
6493
T.19
Tel0
GeT4
6439
6e22
6.17
592
5.40
4470
3,92

15

6,07
7«01
Tabl
Te85
T.81
TebT
Te55
7e53
Te58
Te65
T«70
Tel2
Teb9
Te54
Tel4
b.T76
balb
550
4¢90
3,72

20

41

2400 WAVELENGTH 6943
{1eE+T7)
6a7B 5468 A.4b 3,45 2472
BeT5 Tetb 5,83 4,40 3,36
9.80 8055 6.82 5|2l 309?
GeTh Bo53 6,96 5,51 4,33
9.80 7084 6.""" 5.28 ‘"037
B.?? 7020 Subl 4.86 4.25
8439 6490 5,49 4,62 4,21
TabF BaT5 5,54 4,77 4,50
G472 6460 5,90 5,38 5,20
5488 be56 6,47 64,25 6411
5453 6470 7,00 6,96 6,79
5675 6491 TL,18 7,09 6.86
6440 7401 Goebb 6,57 6,29
Tel2 GBS 6419 5,71 5,46
Tath bBeds 5,52 4,99 4,17
Te3l beld 5,19 4,65 4,36
TeU9 6al2 5,23 4,57 4,07
TaDb Hal4 5,24 4,33 3,61
Beh2 DeF2 4aT2 3,67 2,89
5.90 4,83 3,84 2,71 2,10
4434 3,35 Ceirte 1.,85% 1,50
25 30 35 40 45
2400 WAVELENGTH 6943
LleE+T)
5.79 3S4ll 4,14 3,09 2,12
6e51 5467 4460 3,64 2,36
beBl 5479 4,68 3,55 2,49
6.&0 5060 4.47 3.46 2'5“‘
baTh Dab2 4,23 3,34 2,64
EobB D455 4,29 3,44 2,91
Te28 G4ld 4,51 3,90 3,44
Te83 Ta04 5,75 4,75 4,25
8432 T+99 64,87 .81 5,21
8.65 8073 7.&6 b.s" 6-15
BeBl Fel5 BaSl 7459 6,90
BoBG Fu25 B.TS T.94 T.28
Bo76 F4UB Be.bl 7,91 7,29
Bats T  Be55 Be20 7,58 6,97
Tes2 6400 Tabl To05 440
Tel3 Talb 6,88 6,38 5,69
be22 6424 6,05 5,59 4,88
5437 5434 5,16 4,71 4,03
4067 4e33 4,26 3,79 3,18
4o 08 3482 3,43 2,91 2,41
3.51 3418 2,70 2,18 1.7%
2% 3 35 BV RS

2+12
2458
3,03
3.38
3.56
3.68
3.86
4489
5.61
6+10
6.12
S5+67
504
YT ¥
%02
3.55
2296
2428
lebG6
1+22

50

le38
1e51
1.62
leTs
200
2a%2
3405
3.87
bel7
562
6e27
660
Gen?
6.19
5¢56
4o 80
4,01
3.2¢6
2+58
1,97
letg
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8. RANGE CORRECTION

Range corrections corresponding to the reflectivity data from Section 7 are given
here; the data have been computed under the same conditions and are presented in the
same format. The range correction is the difference between the centroid of the actual
return pulse and the centroid of the pulse that would be received from a point reflector
at the center of gravity of the satellite. In addition to the data on the centroid of the
return, some information is presented on the half~-maximum and half-area points of
the return signal.

The data in this section have been computed for the incoherent case; the effect
of coherent interference is discussed in Section 9. Note that the half-maximum and

half-area data are not necessarily the average of the coherent cases.

Tables 8 and 9 were computed from the reflectivity curves of Figure 7. Table 8
gives the centroid of the total reflected signal, a quantity that can be measured only
in the laboratory, where it is possible to collect the total reflected energy. Table 9
shows the average range correction in the annulus determined by the velocity aberra-
tion; the curves for the two wavelengths 5300 and 6943 A are nearly identical, the
maximum difference being about 1 mm. The difference in the cuﬁes between Table §
and Table 9 is larger, with a maximum difference of about 1 cm. The range correc-
tion is plotted against the incidence angle ¢ out to the largest angle at which the array
is reflective. Only angles up to about 60° can actually be observed, as the satellite
is gravity stabilized. The computer graph to the right of each page is plotted with the
incidence angle increasing down the page and the range correction increasing to the
right at a scale of 1 cm per horizontal print position. The horizontal origin of the
graph has been displaced on each page to try to keep the points from going off scale.

The difference between the range correction for a half-maximum detection system
and the range correction for a centroid detection system is shown in Table 10. The
correction from this table, added to that from Table 9, yields the total range

correction for this type of pulse detection. The largest values in the tabie_ are f(_)r _tl?ge_x -

50



shortest transmitted pulses. In Table 11, the difference between the range correction
for a half-area detection system and that for a centroid detection system is given.
The difference is largest for a 0.2-nsec pulse and is zero to within the accuracy of the

computation for a 20-nsec pulse.

Table 12 shows how the range correction varies with velocity aberration. The
format is the same as that of Table 6 for the gain function. The computer graphs on
the right are plotted at a scale of 1 cm per horizontal print position. The horizontal
origin of the range correction has been adjusted to keep the maximum in the same
position on each page, while that for the rms fluctuation has not been adjusted. For
¢ = 0°, the range correction is constant throughout the whole far-field pattern. At
other incidence angles, such as ¢ = 45°, variations with velocity aberration are larger.
Fortunately, the largest variations occur around 10 prad, which is not an observable
value of velocity aberration. The variations in the 25- to 50-urad range are under

2 cm.

Some of the range-correction matrices from which the data of Table 12 were com-
puted are given in Table 13, where the format is the same as that of the gain matrices
(Table 7). The angles 81 and @ o are defined in Figure 8. The average range correc-
tion in the 25~ to 50-prad annulus obtained from these matrices agrees with the range
corrections of Table 9, which were computed with the reflectivity curve of Figure 7 to

within ] mm for A\ = 6943 A and 1.5 mm for \ = 5300 A.

Figure 11 consists of 1-cm-interval contour plots of the range-correction matrices
in Table 13. No plots are given for ¢ = 0°, since the range correction is constant for
this case. For other values of ¢, the range correction is asymmetric from left to right,
just as the gain function was. As discussed in Section 7, the asymmetry is due to the
method of orienting the cube corners.
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Table 10. Difference between hali-maximum and centroid range correction vs. inci-
dence angle. The half~-maximum range correction is the sum of Tables 9
and 10,

«2 NANOSECOND PULSE
PHI(DEG) 172 MAX. CORRECTION (METERS)

0.0 0177 *
240 «0198 *
4.0 «0325 *
640 « 0407 *
8,0 « 0443 *
1040 « 0450 *
20,0 « 0427 *
3C0.0 +0395 *
40,0 « 0361 *
50.0 + 0369 *
60,40 +0393 *
TC0e0 20355 *
8040 « 0351 *
20,0 «0292 *
i00,0 « 0248 %

5 NANOSECCND PULSE
PHI(DEG) 172 MAX, CORRECTION (METERS)

D40 «0006 *
10,0 « 0051 =
2040 « 0059 %
30.0 w0062 *
4040 « 0059
50.0 0063 %
6040 + 0061 *
TC.0 « 0046 =
80,0 +0035 %
90,0 «0020 %

100,0 0010 #

20 NANOSECOND PULSE

PHI(DEG) 1/2 MAX, CORRECTION (METERS)

0.0 « 0001 =
10,0 «0012 %
20,0 « 0014 %
30,0 «0014 %
40,0 «0014 %
50.0 «0015 %
T0W0 0011 =
80,0 «0008
0.0 + 0008 %

100,0 + 0062 %
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Table 11. Difference between half-area and centroid range correction vs. incidence
angle. The half-area range correction is the sum of Tables 9 and 11.

«2 NANOSECOND PULSE
PHI (DEG) 172 AREA CORRECLTION (METERS)

C.0 Ce000D %
2.0 «0003 %
440 «0026 %
6.0 20076 *
Be0 01l *
10,0 «0137 *
2040 #0172 #*
30.0 «0182 *
40,0 +0181 *
50,0 «0191 *
60,0 «0180 *
76,0 0135 =
80,0 +00%0 =
9000 QOOBS *
100,0 0.0000 «

5 NANOSECOND PULSE

PHI(DEG) 1/2 AREA CORRECTION (METERS)

0.0 0,0000 *
10.0 +0002 =
2040 «0004 =
30.0 + 0005 #
40,0 .0005 *
50.0 .0005 *
T0.0 «0003
80.,0 « 0001 *
90,0 « 0001 %

100,40 040000 *»

20 NANODSECOND PULSE
PHI(DEG) 172 AREA CORRECTION (METERS)

0.0 0.0000 =
10.0 -« 0001 *
20.0 ~.0001 *
30,0 -~o 0001 %
40,0 ~o 0001 %
50,0 -« 0001 %
60.0 - 0001 %

70,0 =e000] %
80,0 - =o0001 %=
90.0 - 0001 %

10040 “.0001 *

%3]
o
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Table 13. Sample centroid range-correction matrices. The angles 6; and 89, in
microradians, are defined in Figure 8. Only half the matrix is presented
since the value for (8, 85) equals that for (-6, -85).

a: PH1 0 DIHEDRAL ANGLE 2,00 WAVELENGTH 5300
92 RARKGE CORRECTICON (METERS)
50 1a304 1,304 14304 1,304 14304 14304 14304 1,304 1,304 1,304 1,304

45 1304 1,304 14304 14304 1,304 14304 1304 1,306 1,304 1,304 1,304
40 10304 1,304 14306 1a304 1,304 14304 16304 1,304 1,304 14304 1,304
35 14306 1,304 14304 14304 1304 14304 1e304 1,304 1,304 1,304 1,304
30 1304 1,306 14304 14304 14304 14304 1304 1,304 14304 14304 1,304
25 1304 1,304 14306 1,304 1,304 14304 1304 14304 1,304 1,304 1,304
20 14304 1,304 14306 1,304 14304 14304 14304 1,304 1306 1,304 1,304

15 1304 1,304 14306 14304 14304 143046 14304 1,304 1304 1,304 1,304
10 1304 1,304 14304 14304 1,304 1,304 14304 1,306 1,304 1,304 1,304
5 143046 1,304 1304 1,304 1,304 1.304 14304 1,304 1,304 1,304 1,304

8] 14306 1,304 1304 1,306 1,304 1,304 14306 1,304 1,304 1,304 1,304
-5 1304 1,304 1,304 1,304 1,304 14304 1,304 1,304 1,304 1,306 1,304
-10 14304 1,304 14304 14304 14304 14504 14304 1,304 1,304 1,304 1,304
-l5 10304 1,306 1,306 1,304 1,304 14304 }4306 1,304 1,304 1,304 1,304
w20 1304 1,304 14304 1,304 1,304 14304 14304 1,304 1,304 1,304 },304
-25 14304 1,304 14306 1,304 14304 1,304 14304 14304 14304 14304 1,304
~30 14304 1,304 14304 1,306 1,304 1,306 1304 1,304 1,304 1,304 1,304
=35 1304 1,304 14304 1,304 14304 1,304 14304 1.304 1,304 1,304 1,304
-4 { 1a304 1,304 14306 1,306 1,304 1,304 14304 1,304 1,304 1,304 1,304
-5 14304 1,304 14304 1,306 1,304 1,304 14304 1,304 1,306 1,304 1,304
-50 1e304 1,304 14304 1,304 1,304 1,306 14304 1,304 1,304 1,304 1,304

0 5 10 15 20 25 3c a5 “0 45 50 @

b: PRI &5 DIHEDRAL ANGLE 2,00 WAVELENGTH 5300
8 RANGE CORRECTIQON (METERS)

50 1o362 1,362 14362 14362 14363 1,364 14367 1,368 1,369 1,369 1,368
“5 1360 1,360 14360 14361 14363 14365 1e368 14371 14373 1,373 1,372
40 1e357 1,357 14358 1e359 14362 1,366 14370 1,373 1,376 1,377 1,377
35 1357 14355 14356 1,358 14362 14367 14371 1,375 14377 1.380 1,381
30 10357 1,355 14355 14358 1le364 14370 14374 1,377 14379 1.382 1,384
25 10356 1,353 14355 14360 14367 16373 1377 1,380 14382 l.384 1,385
20 16350 1,349 14355 14364 14371 14377 14382 14385 14386 1,386 1,386
15 1337 1,343 14356 14368 14375 14381 14386 1,390 1,391 1,390 1,388
10 1333 14345 14359 1437] 1379 14384 16390 1,394 1,395 1,393 1,389
- 14351 1,355 14360 14371 1379 14384 14391 14396 14396 1,393 1,389

O 14358 14355 14356 14368 14377 1382 14389 1,394 1,394 1,390 l,386
-5 1351 14343 14348 14367 14376 14379 1384 1,389 1,389 1.3B5 1,380
-10 1333 1,331 14352 14369 16374 14375 1379 14382 1,381 14377 1,373
=15 1337 14347 1a361 14369 1371 14370 1373 1,375 14373 14369 1,367
~20 14350 14357 14364 14367 1367 1a366 1368 14369 14366 1,363 1,362
wlh 14356 14360 14363 14364 14363 14363 14365 1,364 14361 1,359 1,360
-30 1357 14360 14360 14359 14359 14362 le3bd 1,363 14359 14358 1,357
-35 14357 1,387 1,357 1.35%7 1360 le364 14365 1,362 1,358 lo356 1,353
=i0 10357 1,357 14358 1,360 1,364 1367 14367 1,363 14358 1,355 1,350
-45 14360 1,360 1,361 1,364 1,368 14369 14367 1,363 14358 14355 1,349
«50 1e362 1,383 14365 1,367 1,369 12369 14367 1,363 1,359 1,355 1,350

o 5 i0 15 20 25 30 s 40 45 50 @
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=15
~20
~25
=30
~-35
-4
=45
-50

50

40
33
30
25

i5
10

b
=10
=15
=20
-25
-30
~35
-ie ()
-45
~50

1.270
1269
le268
1,262
1,250
1240
16239
1223
lel92
1239
1.257
1,239
i.192
1223
1239
1e240
1.250
le262
le268
1269
1270

1,074
1069
10862
1.059
1.062
1066
1.062
1.043
10358
1,059
1.068
1059
1,035
1043
le0&2
1.066
1062
1059
1062
1069
1.074

G

Table 13. (Cont.)

PHI 45 DIHEDRAL ANGLE 2,00 WAVELENGTH 5300
RANGE CORRECTION (METEKRS)

1267 1adbb 1,264 1,263 1,262 1258 1,250 1,239 1,228
1o267 10265 1,263 14262 14261 14260 1,255 1,246 1,237
1e266 la2b& 14262 1,260 14258 1,258 1,256 1,252 1,246
1.262 14264 14265 14263 14260 10257 14257 14256 1.254
1a254 1adbl 1e265 14266 L4263 le26l 1,261 1,261 14260
1,245 14253 14259 14261 1e261 14266 1a267 1.268 1.266
La2al 1e244 1ad4T 14269 1e254 leZ04 14272 14274 14272
1,225 14231 1,236 14238 14245 14263 1,274 14277 L4274
1,189 14196 14223 14238 14248 1le264 1,275 14277 1274
14221 14162 1,206 14250 14262 1270 14276 14276 1,273
14242 1el6b 1,207 1,260 14268 1a272 1,275 14274 1,271
14218 14139 14227 14260 14265 1le268 14272 14272 lu271
1,180 14199 14242 14256 1e258 1264 1,270 14272 1,272
14226 1237 14268 14253 1258 14266 1,273 14275 1,273
l1a24) 14246 14254 14261 14267 142764 14277 14276 14273
10263 14253 14266 14273 14276 14277 14278 14275 1e210
14255 14265 Lal2T4 1a277 1e276 16276 14275 14273 1,269
1266 14271 14275 14275 14273 14273 14274 14273 1,270
14270 12272 14273 14273 14273 14278 1,278 14276 1,271
1a271 10273 1a274 14276 14279 Le2Bl 14280 14276 1,268
1e272 1275 14278 14280 14282 1a28L 1,276 14268 1,259

5 10 15 20 25 30 s 40 45

PHI &0 DIMEDRAL ANGLE 2,00 WAVELERGTH 5300
RANGE CORRECTION (METERS)

12073 14UT2 14072 14072 14072 14072 1,069 1,060 1,046
14069 14071 14073 1075 14075 14074 1,070 1.063 1,053
1,065 14070 14075 14078 14078 1e076 1,072 1,065 1,058
1065 16072 1,076 140T7TE 12079 14077 1,072 1,066 1,060
1e070 1075 14078 14078 1077 1e076 1,072 14065 1,060
1eO74 1a079 14078 14075 14073 12073 1,071 14065 1,058
1a072 16077 14077 16071 1,087 14068 1,070 1,066 1,060
1,066 14067 1e0T1 14068 14063 1le066 1,072 1,072 1,067
14031 14047 14064 14068 1la066 1070 1,078 1,080 1.077
1,042 14036 1,061 14072 14074 1,079 [ ,0BS 1,087 1.083
1058 140646 1,066 1,078 14082 1.086 1,091 1,091 1.087
14056 1,055 1,073 1,083 1,086 14090 1,093 1,093 1,090
1,040 14057 1,075 1,083 14066 14090 1,092 1,093 1,091
1e041 14057 14073 14080 1o0B% 14087 1,090 1,091 1,061
14054 14057 14068 14077 1a081 140864 1,087 1,090 1,091
14058 14057 1,066 1075 14080 14083 1,086 1,089 1,092
1087 14060 1,069 14078 14083 (4085 1,088 1,090 1,092
1,059 14065 14075 1,084 14058 14090 1,081 1,093 1,096
14065 14071 14080 14088 14092 10093 1,095 1098 1,095
1a071 14075 1,081 1,088 1,092 14094 1,006 1,097 1,096
1.074 14074 1,078 14083 1,007 16090 1,094 1,096 1.096
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1,222
1,231
14242
1.253
1,260
l1.265
1,267
1,269
14270
la271
La272
1a273
1,273
1,271
1,268
1a266
ledb6
1.267
1266
1,262

le254

50

1,031
1.041
1,051
1.0586
1.057
1.0586
1,056
1.062
1,071
1.078
1,083
1,086
1.088
1.0%0
1,091
1,092
1,092
1,093
1,094
1,094
14093
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-20
-25
~-30
~35
40
-45
=50

50
45
40

a0
25
20
15
i0

-5
w10
=15
-20
-25
=30
-35
&0
wé 5
14,

14304
1e304
1.304
12304
14304
1,304
1,304
1304
1304
14304
14304
1.304
1+304
1304
1.304
1304
1304
1304
1,304
1304
1.304

14361
1,361
1.361
1359
14356
1.351
14351
14359
1367
1.371
14372
1371
1e3867
1359
1351
14351
1e356
14359
le361
le361
l1e361

g

PH1

1,304
14304
1,304
1,304
1,304
12304
1,304
1a304
14304
1,304
1,304
14304
1.304
1,304
14304
1,304
1304
1.304
1,304
1.304
1,304

PHI 25

1,380
1,380
14360
1,359
1,357
1,355
1,357
1.363
1.369
1.371
14371
1369
1.364
1,355
1a349
1,353
1.358
l.362
la363
1a383
1,362

g

0

1,304
14304
1,304
14304
1.304
14304
1,304
14304
14304
1430%
14304
14304
14304
1304
14304
1.2304
14304
1304
14304
1304
14304

10

l.35¢
16360
le361
1e361
la362
1,362
la365
1.368
14370
1370
14369
le366
le36l
14355
14355
14359
14363
1365
14365
l1e364
1,362

Table 13, (Cont.)

DIHEDRAL ANGLE

RANGE CORRECTION

16304
1.304
1.304
1.304
1304
1304
1304
1,304
14304
14304
ie304
1304
1304
14304
1304
14304
14304
1.304
14304
1.304
13204

15

14304
1.304
1304
1,304
12304
1+304
14304
1304
1304
le304
1304
1.304
1304
1304
1304
1.304
1.304
1.304
14304
14304
1,304

20

14304
1e304
14304
1304
l1e304
12304
1304
1.304
1304
14304
1e304
14304
ls304
16304
14304
14304
1304
1304
1423G4
1304
16304

25

DIMEDRAL ANGLE 2,00

RANGE CORRECTICN

l.361
la362
14364
1,365
1,367
le370C
1,372
14373
1,373
1371
14369
le346
14364
14363
12365
le367
1a367
1367
le366
le364
14362

oy

1o363
le364
le367
1e369
1372
16375
14378
14379
14377
14375
1372
14371
1.371
1372

1372

1,371
14370
14368
14365
la362
14361

1365
1,387
14369
1,372
1e376&
1e379
lo381
la382
1381
14379
14377
14376
1377
1377
1375
1.373
14370
le366
14363
14361
10361

25

69

2400

(METERS)

1,304
L3004
14304
14304
1304
1,304
1,304
14304
14304
1,304
14304
1.304
14304
14304
14304
14304
14304
14304
1.304
14304
1304

30

1304
12304
1304
le304
1304
14304
12304
14304
1a304
14304
1,304
1304
14304
14304
14304
14304
14304
14304
1304
14304
1304

as

WAVELENGTH

{METERS)

le368
le369
1,371
l.374
1377
1380
1383
14383
le.382
1,380
le3d79
le378
14377
1377
1e374
12371
l1e367
1e364
1s3061
1+360
1e382

g

14370
1371
14373
14376
1.378
14381
1383
le3di4h
la353
la381
le379
1377
14376
14374
la371
l.368
1e3064
le3sl
14380
ledbl
le364

35

WAVELFNGTH

1304
14304
1e304
le304
1304
1e304
16304
14304
l1a304
14304
14306
1¢304
14304
1304
1304
14304
14304
1304
1304
1304
1304

40

14370
14372
12374
14378
1,379
1.382
14384
14385
14385
l.383
1380
le377
1375
14372
l+368
14365
l1e362
1e35%
14359
le361
le364

6343

1304
14304
1304
1,304
14304
1304
14304
14304
1,304
1304
1.304
12304
14304
14304
1304
1304
1.304
14304
14304
1,304
1304

45

6943

1,371
14372
1373
1.376
1379
1382
1.385
1.387
1387
1386
ls284
14380
1le378
12372
14367
la363
le359
1,357
14357
le358
1.361

a5

1.304
1304
14304
1.304
14304
1,304
14304
10304
14304
1,304
14304
14304
14304
12304
1304
1,304
1,304
1,304
14304
14304
1.304

50

1,370
1,370
1,371
1374
1.377
1,381
1,384
14387
1,389
l.388
1,386
1,382
1,377
1,371
1,359
1,355
1.352
1,352
1,353
1.358

50"



50
45
40

i
25
20
15
10

-5
-10
-15
-20
-25
=30
-35
-40
45
-50

50
45
40
35
30
25
20
15
10

-5
=10
-15
~20
=25
=30
-35
-40
-5
-50

le266
1le283
1e260
14261
leldbh
ledb2
le253
le236
le238
14251
le258
1.251
14236
1e236
1,253
le262
Ledb4
1s261
lel260
16263
le268

1,059
1065
1,070
1.073
1073
1,067
1059
14061
1,070
1,077
14078
1077
1070
1.0861
14059
1067
1.073
1073
1,070
1.0865
1059

Table 13. (Cont.)

PHI 45 DIHEDRAL ANGLE 2,00 WAVELENGTH 6943
RANGE CORRECTIGN (METERS)

lo266 La267 14269 14270 1,268 1e263 1,257 14250 1a243
le264 1e267 14271 14273 14272 19269 1,262 14254 1e247
le261 1e265 14269 1e272 14272 1e270 1,264 14258 14251
la262 lalbd 1o266 1e26B laZ68 le266 1,262 14258 14253
1,263 14263 14263 4263 14262 14260 14257 14255 1,254
14262 1a262 1,262 14261 14258 1255 1,251 1,251 la.254
14253 1a255 1,258 14260 1259 14256 1,252 1.252 1,257
1237 la24l 14250 14258 14262 1e261l 1,259 1,260 1le265
14233 14227 14235 14253 14265 14269 1,269 1,271 1,275
1,245 14230 14223 14247 14268 le2T6 14277 14279 l.281
14251 14233 1,218 14246 14271 14279 1,281 1,282 1,283
1245 14228 14220 14252 14274 14279 1,280 1,279 1,280
10231 14226 14237 14262 14274 14276 1,275 1a274 1,274
1,237 14243 1,256 14267 14272 14271 1,268 1,267 1,268
14255 14259 1o264 14268 14268 1266 14263 1.262 14265
14263 14264 14,266 1o267 14267 1o265 1,264 14264 14267
1,264 14265 14266 14268 14270 14270 1,270 1,270 1,270
1o262 1e264 14269 1a273 1aZ76 Le277 14276 14274 1,271
1,262 14267 14273 1279 14281 128l L1278 14274 1,269
10265 14271 14277 1428l 14282 14280 14275 1270 1,264
1a269 16273 14276 1e278 14278 1s275 14269 1e264 1,261

5 10 15 20 24 30 35 40 45

PHI 60 DIHEDRAL ANGLE 2,00 WAVELENGTH 6943
RANGE CORRECTION (METERS)

14062 1,068 1,074 1,078 1,081 1,081 1,080 1,076 1,068
1,068 1,073 14,077 1,080 1,081 1080 1,078 1.074 1,066
16074 14077 1,080 14,081 1,080 14078 1,075 1,071 1.063
1,076 14080 1,082 14082 1e079 14075 1,070 1,065 1,059
16075 14079 1408l 1408l 14077 1e07} 1,065 1,060 1,056
14069 10072 14076 14078 14076 14070 1,063 1.058 1,057
1,087 14062 1,069 14074 1075 14072 1,065 1,061 1,061
1,055 1055 1,063 1072 14076 12075 1,071 1,067 1,068
1.06% 14058 1,062 14071 14078 14079 1,076 1,074 1,07%
1072 14066 1,065 14074 1,081 1.083 1,081 1,080 1,081
1076 14071 14070 14077 14084 14086 1,085 1,084 1,085
1076 14073 14074 1,081 14087 1.089 1,089 1,0BR 1,089
1a072 14073 14078 14085 14090 14092 14091 1,091 1,091
1,066 1:0T2 140B0 1,087 14092 16093 1,092 1,092 1.092
1a065 1o073 14081 14088 1,092 14093 1,092 1,091 1,091
1,069 1075 14081 1087 14090 14091 1,090 1,090 1,080
14072 14075 1,080 1,084 1.0B8 1.089 },089 1,089 1,088
14072 14073 14076 1eDBl 14065 14088 (,089 1.088 },087
1,068 14069 1,072 1,078 l.084 1,088 1,090 1,089 1,088
14063 14064 1,069 1,076 1,084 1,090 1,092 1,092 1,090
16058 14061 1,067 14076 1,085 14092 1,095 1,094 1,092

70

14237
14240
le2b4
1e249
1,253
1.257
1e.262
1.269
1.277
1.282
l.283
1,280
1,275
1.269
1,267
le267
l.26%
1a268
1a264
1,260
i.258

50

1,055
1,053
1,050
14049
1,050
1,055
1.063
1,070
1,077
1,082
1.088
1.090
1,091}
1,092
1,092
1.,0%0
1,089
1.087
1,087
1.087
1.088

50



'V 008G =X ‘08 =9 62 =¢ e ‘wo g- ySnoay
1~ 1enbe g ysnoayy I pue ‘wo ¢ spenba ¢ fwo 1+ s[enbe v ‘wo g+ o} renbe s1 snpnuue prarl-gg 0 -¢3
S} Ul UCI}081I0D aBurl oFexoA® o) SNUIW UOI00LI0D 93UBI ayj J8Y3 S9)BOIPUT § Joquds oy} ‘syord

9Y) UO  *UONBLIOQE £JTO0[0A O] JO Sonjes WNWXEU PUE WNWIUIW 8y} YIBW 0} UMOYS 848 pBIrl og -

pu® GZ ShIpBI JO SSIOIID T OIqE], Uf udAd S80TIjBW UOTIORII0d-aFueT PIOIIUSd 9] Jo sjoid anojuc)

*TT oandrg

71









"V E¥69 =X ‘002 =8 %68 =¢ :pi[ am3ig

14









9. EFFECT OF OPTICAL COHERENCE

Because of coherent interference between the reflections from individual cube
corners, the strength and shape of the laser echo from the Geos 3 array vary from
pulse to pulse. This section contains data on the variations of the range correction
due to coherent interference. A special set of calculations has been done to investigate
the relationship between the incoherent range correction and the average of the coherent
range corrections for different types of detection methods and different transmitted
pulse lengths. Some sample pulse shapes are presented for both the coherent and the

incoherent case.

Table 14 lists the coherent variation of the centroid range correction as a function
of the incidence angle ¢. FEach value is the rms variation of a set of 100 coherent
returns. In Table 14a, each return has equal weight, while in Table 14b, each return
is weighted by the ratio of the strength of the return to the strength of an incoherent
return, This type of weighting reduces the rms deviation because of the fact that
weaker pulses tend to have larger variations in centroid than do stronger pulses. In
general, the fluctuation of the range correction decreases as the pulse length decreases.
Since each rms deviation is computed from a limited number of coherent returns, the

results should be considered as only an indication of the magnitude of the effect.

The range corrections given in Section 8 are all for the incoherent case. In the
mathematical model used to calculate the transfer function, the incoherent centroid
range correction is equal to the average of the coherent centroid range corrections
when each pulse is weighted by its intensity. X is not obvious from the model what to
expect for different weightings or for detection methods other than centroid detection.
A series of computer runs has been done with a large number of coherent returns to
see how big the differences are for Geos 3, and the results are presented in Table 15.
The runs were made at an incidence angle of 45° with respect to the symmetry axis of
the satellife. The table lists the coherent average minus the incoherent value (A),
the standard deviation of an individual pulse (0), the number of coherent returns in the

77



Table 14. Root~mean-square deviation of centroid range correction due to coherent
interference vs. incidence angle. a: All pulses have equal weight. b: Each
pulse is weighted by the ratio of the strength of the pulse to the strength of
an average {or inccherent) pulse,

a: Egual weighting b: Weighted by signal strength
«2 HN5. EQUAL WEIGHTING «2 N5, WFIGHTED
PHI ReMeSs CEVIATION OF Frl ReMo5, DEVIATION OF
(DEG) RANGE CORRECTIONI(METERS) (DEG) RANGE CORRECTION({METERS}
0.0 « 0094 & 0.0 « 0086 =
1040 «Q202 * 10.0 «0187 *
0.0 « 0150 * 2Ce0 «0181 *
30.0 D186 * 3C.0 «0166 *
40,0 .01Gg * 40,0 «0181 *
50,0 +0189 * 50,0 +0159 *
6040 «OL92 * 60,0 201869 *
S5¢ N3¢ FOQUAL WEIGHTING 5« NS5, WEIGHTED
PHI ReMaSe DEVIATION OF PHI ReMueSe DEVIATION OF
{DEG) RANGE CORRECTIONI{METERS) {DEG) RANGE CCRRECTION({METERS)
Ga0 +0259 * (1] +0104 =
10.0 +0636 * 180.0 0364 *
2G40 + 08686 * 20,0 « 0354 *
3040 « 0718 * 30.0 «04634 *
40,0 588 * 40,0 « 0254 *
5060 0710 L] 50,0 D414 *
E(,0D e U4TY * 6040 0365 *
20 NS5« EQUAL WEIGHTING 20e NS, WEIGHTED
PHI ReMuaS, DEVIATION OF PHi ReMaSe DEVIATION OF
{CEG) RANGE CORRECTION(METERS) {(CEG) RANGE CORRECTION(METERS)
Q.0 «0268 * 0.0 #0121 *
10,0 0528 * 1040 <0330 *
2040 + 0609 * 2040 0324 *
3040 20861 * 30,0 2 04ls *
4040 + 0676 * 40,0 « 0390 d
50,40 « 0631 * 50,0 «0328 *
60,0 + 0790 * 60,0 «O414 *
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sample (N), the standard deviation of the average (O = 6//'N), and the ratio of the
difference A to the standard deviation of the mean (gm). The last column is a measure
of the statistical significance of A. In Table 15a, a statistically significant difference
occurs between the coherent average and the incoherent value of the centroid range
correction for short transmitted pulses; this difference decreases as the pulse length
increases. The two runs for 5.0 nsec indicate no statistically significant difference.
Table 15b shows the same set of coherent returns weighted by signal strength. For

all pulse lengths, the bias in the coherent average is removed, in agreement with what
should be expected from the model. In Table 15¢, for half-maximum detection, the
magnitude of the bias is smaller; this bias is not removed when the returns are weighted
by signal strength (Table 15d). For half-area detection (Tables 15¢ and 15f), weighting
seems to be somewhat more helpful but the bias still remains., The size of the bias in
all cases is on the order of 1 em or less. The data in Table 15 are probably typiecal of
incidence angles from 10° to 60° or 70°. At ¢ = 0°, the distribution of reflectors along

the line of sight is symmetrical, so there is no mechanism for producing a bias.

Sample pulse shapes for ¢ = 0° and 45° are shown in Figure 12. In each case,
the incoherent return is given first, followed by one or more coherent returns. When
the transmitted pulse is much longer than the array, as is the case for 20 and
5 nsec, the reflection has nearly the same gaussian shape as the incident pulse does.
Only one coherent return is given in each case for these pulse lengths. The returns
for 0.2 nsec tend to be irregularly shaped. Effects such as differences between the
range correction for different types of detection systems and differences between the
incoherent range correction and the average of the coherent range corrections seem
to be associated with the pulse distortion that occurs when the pulse length is com-
parable to, or less than, the size of the array.

The position, in meters, listed in the first column of Figure 12 is measured with
respect to the center of the pulse that would be received from a point reflector at the
center of gravity of the satellite. The intensity in the second column is in normalized
units such that the area under the curve is equal to the signal strength in equivalent

number of cube corners at normal incidence.
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Figure 12.
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