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ABSTRACT

A preliminary optical calibration of the U.S. Naval Space Surveil-
lance System was made in 1961 using graphical methods. Since then,
calibration has been continued using better equipment and data reduc-
tion methods to determine more precisely the characteristics of the
system. It is shown that the 108-MHz system studied is capable of
measuring angles within a standard deviation o of 1/2 min of arc at
zenith.

Electronic calibration methods used in setting up the 108-MHz sys-
tem are shown to have a mean accuracy of approximately 3.5 percent
of a wavelength for baselines up through 520 ft in length. Bias errors
for baselines of 1040 ft and longer are larger than for the shorter base-
lines and must be corrected to obtain maximum accuracy from the
system.

Baselines inthe range of 16 to 520 ft have (for Echo passes) a mean
standard deviation of +0.034):, which is independent of baseline length
and angle of arrival and is internal to the system. The random error
for longer baselines increases until it reaches a mean standard devia-
tion of +0.09, for the 5200-ft baseline.

PROBLEM STATUS

This is a final report on the 108-MHz system; work on a 216-MHz

system is continuing.

AUTHORIZATION

NRL Problem R02-35
Project RT 8801-001/6521/5434-00-01

Manuscript submitted January 10, 1966.
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OPTICAL CALIBRATION ANALYSIS OF THE
U.S. NAVAL SPACE SURVEILLANCE SYSTEM

ATITITLLVINY

INTRODUCTION

ting and receiving antennas form fan-shaped patterns in the plane of the great circle
through the stations. Hence the region of detection is a vertical wedge of small angular
€ross section which is bisected by the plane of the great circle (or "fence"). As a sat-
ellite crosses the fence, the phase measurements obtained from a set of antenna pairs
spaced along the great circle* and a set perpendicular to it determine two direction
angles from the receiving station to the satellite.

The phase measurements, from which the direction angles are obtained, would con-
tain bias errors unless the surveillance system were calibrated. The first calibration
was done by using the Vanguard I satellite, 1958 Beta 1, the orbit of which had been
determined by the Minitrack System. The Minitrack system had been calibrated, in turn,
with reference to the stars (2). With the launching of the Echo I satellite, direct calibra-
tion of the system became possible. In anticipation of the launching of the Echo I satel-

This goal was met in the preliminary calibration, which was completed in 1961. A sim-
ple graphical method of data reduction was used at that time (3). To refine further the
calibration of the Space Surveillance System, optical calibration has been improved by
the use of a comparator engine and by computer reduction of the data. An analysis of
this work and a brief summary of earlier work are given in the present report.

GEOMETRIC CONSIDERATIONS IN THE SPACE
SURVEILLANCE ANTENNA SYSTEMT

Let us consider a set of Cartesian coordinates (Fig. 1) with the coordinate axes z
and y lying in the horizontal plane and parallel to the east-west and north-south base-
lines, respectively. Antenna arrays are centered at the points 4 s dy and f. The dis-
tances «d and of are called baselines.

If signals arrive at these antennas from a sufficiently great distance, the rays may
be considered parallel. The differences in distance from the satellite to 4 and d is oL,
and to ¢ and 7 is . The direction cosines to the satellite are given by

*These antenna pairs generate the so-called east-west and north-south baselines which
differ by a few degrees, depending on the location along the fence, from the indicated
geographical directions.

The geometric arrangement of the Minitrack-type interferometer may be found in the
literature. It is repeated here as a base for further mathematical treatment pertinent
to this report. (See Ref. 4.) ’

iThe maximum hyperbolic error introduced in this approximation for a 100-mi-high sat-
ellite is about 1 sec of arc for a 5200-ft baseline.
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Fig. 1 - Coordinate system setup for the
Space Surveillance system antennas. An-
tenpna arrays are located at ¢, d, and f.
The baseline af is oriented in a (approx.)
north-south direction, and ad is in an
(approx.) east-west direction. The direc-
tion of the incoming signals from a distant
satellite is given by the direction angles
a, B, and y.

cos o = al/ad (1)
cos B = aM/af . (2)

Similar equations can be written for other antenna pairs with different spacings. Since
the electronic equipment will measure phase differences between pairs of antenna, it is
advantageous to express the distances in Egs. (1) and (2) in terms of wavelength. Ac-
cordingly, one may write for the sth and jth baselines

n; t

cos CL:-_B—_ (3)

and

cos B = —F (4)
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in which the right-hand terms are measured in wavelength. The subscript ; indicates a
value associated with a baseline B, along the » axis; similarly, ; indicates a value for a
baseline B, along the y axis. The quantities », and m; have integral values (0, £1, =2,

+3, ...)* and ¢, and «; are the remaining fractional parts of the difference in path length.

Inasmuch as all signafs must arrive from the hemisphere above the earth's horizon, the
direction angle v is restricted to the values from zero to =;2.

The antenna pattern of the U.S. Naval Space Surveillance System confines the re-
sponse of the antennas to a small angular wedge in the neighborhood of the zz plane. It
is convenient to choose the moment when 5 = »/2. This restriction leaves only one angle
as a variable. With this restriction the zenith angle ¢ may be substituted for the direc-
tion angle o according to the relationship

0= (m/2) —a.t (5)
Using this relationship, Eq. (3) for the ;th baseline is transformed to

n; t;
B,

3

(6)

sin 6 =

This is the familiar form of the interferometer equation as used in space surveillance
work. In Eqg. (6) B, is determined by a survey, and ¢, is measured by the electronic
system. Since two unknowns (¢ and »;) remain, the equation cannot be solved without
some further restrictions.

If B <(n'2)-c, Eq. (6) will have a unique solution¥ since n» + ¢ is then single valued
for the allowable range of 4. For a frequency of 108 MHz, setting B, equal to 4 ft satis-
fies the above condition. Alternatively, choosing a pair of baselines such that

By, - B, < (M2) - e (M
provides a unique solution$ to Eq. (6). The inequality, Eq. (7), allows wider separation
of antenna arrays so that the same antennas which resolved the basic ambiguity can be
used as two longer baselines of the system.

DERIVED RELATIONSHIPS OF MULTIANTENNA SYSTEMS

Taking the derivative of Eq. (6) with respect to ¢, between jumps in » one obtains

deb,
d6é

= B, cos a, (8)

*in, ; and ]m]- \ never exceed B; +1 or B;+1, respectively.

t{ is positive whena <772 and negative when a>7/2.

te is a positive constant, the size of which depends on the maximum error in the meas-
urement of phase. The (A/2) - ¢ limit on separation of baselines assumes a 180-degree
range in direction of signal arrival. If this range is restricted, an increase in the length
of the shortest baseline is made possible. For instance, if the system responds to sig-
nals over a range 8§38 of 90%1/2 degrees, one obtains, by substituting these values of 3
in the derivative of Eq. (4), the baseline length B as follows:

S(m+w = 1N = BS(cos ) = Blecos(90-1/2) ~cos (90 +1/2)]

from which
1A

0.01746
Hence, with a beamwidth of 1 degree, the shortest north-south baseline can be as long
as 500 ft.

§1f B, - 0, the inequality, Eq. (7), degenerates to the inequality for a single short baseline.

B = = 500 ft (at 108 MHz).

ATIITLcUTAMN
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which shows that the dependence of the phase ¢ on zenith angle is directly proportional to
baseline length and the cosine of the zenith angle. Forming the ratio of two equations
like Eq. (8) gives

i (9)

which shows that the relative ability to measure the change in arrival angle depends on
the ratio of baseline lengths and on no other geometric factors.

For a practical system, a very short baseline, or equivalent, satisfying the inequality,
Eq. (7), is required to resolve an initial ambiguity in direction, and the longest possible
antenna is indicated to obtain maximum sensitivity to angle change according to Eq. (8).
Intermediate-size baselines will be required to assure correct resolution because of
limited precision in the measurement of ¢. By equating the solutions of zenith angle by
Eq. (6) for two baselines, % and % + 1, and solving for », ,,, one obtains '

B B
_ ( ;;H) " ( ;}:j b - oo (10)

%

Let us assume that errors are insignificant, except in the measurement of phase. Then
the unambiguous determination of »,,, when », is already known is

B
k+1
< B, > O = 0P 4y

[8np | = <0.5. (11)

It is clear from Eq. (11) that 8¢, is more significant than 8¢, , , by the ratio of baseline
lengths, in determining the correct value of n,,,. The inequality, Eq. (11), establishes
conditions for correctly determining all #,'s except »,. Further investigation of this
relationship will be taken up when observational data is examined.

For some problems the phase and phase rate during the entire period of signal de-
tection is of interest. The angle ¢ is not applicable for those problems. Time rates may
be derived from Eqs. (3) and (4) by differentiating with respect to time, which yields

da b; (12)
dr T Bi sin Qa
and
dB C:)j
dt = B sin B (13)

These relations may be compared with optically measured values of sin a, da/dt , sin f3,
and J45/d¢t.

GEOMETRY OF THE TRANSMISSION PATH

The earlier Minitrack calibration method (2) used aircraft as calibration objects.
The altitude of these objects was such as to require hyperbolic corrections. In the pres-
ent study, the calibration signal source is the Echo I satellite. This object is high enough
so that hyperbolic corrections are unnecessary. When a satellite 5 is used as the optical
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source, Fig. 2(a), the light follows the path $#'P from the satellite to the camera, under-
going appreciable bending in the last few miles of the atmosphere by an amount

Agsex =4 _@sex : (14)
The error A4___ in measurements made with a sextant or other gravity referenced in-
strument increases with zenith angle to 9.9 min of arc (5) for a zenith angle of 85 de-
grees, which is the largest zenith angle considered in this study. However, in our work
the angle to the satellite is determined with respect to the background stars, which is
equivalent to having the camera located at point 7' and measuring the angle 6,. The
error Ad, in seconds of arc, resulting from treating ¢ as the true angle to the satellite is*

B _ 435.0 tan & -0.1385r cos 8
86 =0,-6= 2202 (1-e ) (15)
in which r is the magnitude of the slant range in kilometers. This error is negligible in
comparison with other limitations of the system.

The radio path to the satellite s is represented by two parallel rays, Fig. 2(b), en-
tering the lower atmosphere at a zenith angle 6 . The phase difference between the two
points P; and P, is n+¢. Since P P! = P, Py n +¢ is the phase difference between the two
antennas at P, and P,. The effect is 51m11ar to having the receivers located at the top of
the lower atmosphere where bending in the lower atmosphere begins. Hence, except for
differences which may exist between the index of refraction of air for optlcal wavelengths
and for 108 MHz, the error-correcting behavior is the same, and the error is quite small
in each case because of the relative thinness of the lower atmosphere as compared with
the height of the satellite.

RECEIVING SYSTEM ANTENNAS

Figure 3(a) gives the antenna layout which existed at the time of the measurements
for the receiving station at Fort Stewart, Georgia. The arrays 1, 2, 3, 4, and 5 are each
composed of four 400-ft sections A, B, C, and D. Arrays 6 and 7 have only one 400-ft
section. The outputs from the four sections of arrays 1-5 are combined after separate
preamplification to supply the signal for one element of a baseline pair. North-south
baselines are formed from pairs of 400-ft sections to give north-south baselines of 400,
800, 1200, and 1852 ft. Note that baselines from 16 ft to 204 ft use 1600-ft sections, and
all longer east-west pairs and north-south pairs use 400-ft sections. All antenna sec-
tions at the Ft. Stewart station use dipole elements above ground screens.

Figure 3(b) gives the antenna layout for the Silver Lake, Elephant Butte, and San
Diego receiving stations. Each letter designates an antenna array 400-ft long. Pairs of
these arrays form baseline lengths up to 5200 ft. Perpendicular to the east-west base-
lines, combinations 4, f, j, and # provide capability of 400, 800, and 1200-ft north-south
baselines. Sections p, r, n, and m are yagi antennas without ground screens; all other
sections are composed of dipoles with ground screens. At San Diego only, 400-ft sections
are located east of section ; and north of sections ¢ and ¢ to form 4- and 8-ft baselines.
These are shown on the drawings by dashed lines.

*The error 46 using a high satellite is on the order of 1 sec of arc for low angles. (See
Ref. 6.)

AT IIoLUTIANMDND
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DIRECTION OF ARRIVAL

AT SURFACE AS I
DETERMINED BY
SEXTANT
OPTICAL
SOURCE

OPTICAL PATH

!

LOWER ATMOSPHERE

{

7 7
CAMERA LOCATION
(a) TO
SATELLITE

RADIO PATH

TRUE DIRECTION
TO SATELLITE

|
P
' 2 LOWER ATMOSPHERE

2 '

Fig.2 - Propagation paths for (a) optical and
(b} radio signals reflected from objects in
space. Both the true and apparent directions
are indicated.
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ELECTRONIC PHASE-MEASURING EQUIPMENT

A set of electronic equipment is required for measuring the value of ¢ for each pair
of baselines (1,4). The block diagram in Fig. 4 shows the arrangement for a single pair
of antennas. Certain subdivisions of the receiving system offer an opportunity to par-
tially separate variables of the system. Such a breakdown is as follows:

1. region external to the antennas (troposphere, ionosphere, and terrestrial
environments),

2. antenna system,

3. lines from antennas to calibration points,

4. calibration lines,

5. calibration points to hybrid junction,

6. hybrid junction to phase meter,

7. phase meter to recorder.

Recently it has been possible to obtain additional calibration information from the output
of an-Analog Phase-Channel Combiner (7-9) which synthesizes outputs from the various

systems of electronics, such as Fig. 4, in terms of 4, 40, and 400-ft equivalent baselines.

Fig. 4 - Block diagram of electronic
equipment used to measure the phase
difference ¢ between a pair of antennas

a

v v

CAL
PREAMP PREAMP
HYBRID
CONVERTER CONVERTER L0,

FILTER FICTER FILTER
COMBINER

RECORDER

OTHER
CHANNELS

TIME CLOCK

AITITOOUTAMNA
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SYSTEM OUTPUTS

Figure 5 shows the phase output of six antenna-pair systems of the type shown in
Fig. 4. The recorder pens respond to random noise when no satellite is near the 2z plane
(or fence). As the satellite crosses the fence, a rise in agc voltage (channel 1) is ob-
served. Simultaneously, quieting of the phase noise in the six phase-measuring channels
(channels 3-8) is observed. (Channel 2 of this record monitors the shutter voltage of the
camera which photographed the satellite trail.) Figure 6 (the companion photograph to
Fig. 5) shows the trail of the Echo I satellite among the stars. Time at points along the
satellite trail can be identified by reference to the shutter coding on Fig. 6. This path
defines the position of the satellite among the stars as a function of time. A time function
is obtained by measuring the star and satellite trail positions with a comparator engine
and then converting the data by means of a computer to the angular coordinates of the
satellite with respect to the station from which the photograph was taken. Outputs of the
program give values of ¢ for fence crossing time, the direction angles a«(¢) and &'¢), and
their respective time derivatives. The time obtained from photographic data is located
on the phase recording, and the phase values for the various baselines are read for that
time. This procedure provides a set of ¢,'s and wj's which are associated with the
value 0.

REVIEW OF EARLIER OPTICAL CALIBRATION
The initial optical calibration of the Space Surveillance system has been presented
in NRL Report 5741 (Ref. 3) which treated data on baselines from 16 ft to 520 ft. Meas-
urements of error in the north-south direction were beyond the capability of the method
used at that time. Measurable errors were detected in the east-west baselines. It was
shown that a plot, for each fence crossing, of the form
£O(9) = 6, -6, (16)
leads to a nonlinear function of the zenith angle. However, a plot of
A(sin &) = sin 6, - sin 6]0 (17)
was independent of the zenith angle to the satellite. It was feasible, therefore, to plot
A(sin @ as a function of calendar date. This latter procedure immediately revealed a
step jump in calibration error at one of the stations. Further, the bias errors observed
in the data could be attributed to errors in the effective length of the transmission lines.
A degree of randomness remained in the data, in addition to the bias error, which was
considered due to one or more of the following possibilities:
1. random shifts in phase-measuring equipment,
2. random errors in reading data,
3. random variations in direction of arrival of radio signals,

4. random errors in optical angle measurements.

The first two possibilities represent errors entering directly in the value ¢, and the sec-
ond two enter in the value of ¢. Consideration of the equation

5 = BS(sin 6) (18)

allowed us to note that errors in 54, due to errors entering through ¢, approach zero
linearly as B approaches zero. It was shown that, as a consequence of this relationship,
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Fig. 5 - Typical phase output from six antenna-pair systems (channels 3-8) for a satellite
passage. Channel 1 shows the agc voltage and channel 2 displays the shutter voltage of the
camera which photographed the satellite trail (see Fig. 6). These outputs are for passage
of the Echo I satellite through the 'fence' on August 7, 1964, 083025.5 UT.
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083000 UT-

083020

Fig. 6 - Echo I satellite pass photographed
on August 7, 1964 (see Fig.5 for electronic
system outputs)

s contained an error that was inherently associated with ¢ and equal to +0.04x, which
set a limit of +0.04 degree at the zenith to the precision of a system with a 520-ft base-
line. It was computed from an increase in standard deviation on 520-ft baselines that the
variation in the value of ¢ was +0.06 degree.* At Ft. Stewart, Georgia, where better
optical equipment was in use, $¢ was found to be independent of baseline length, indicat-
ing that fluctuations in phase due to the transmission path were not limiting the precision
of the longest baseline then in use (413 ft). Hence the precision of angular measurements

should continue to improve in direct proportion to baseline length.

NEW FORM OF DATA SUMMARY
The quantity A(sin ¢) from Eq. (17) was used as a plotting parameter in the earlier
work. However, its magnitude is inversely proportional to baseline length, requiring a

wide range of scales for the various baselines considered in this report. This incon-
venience has been eliminated by utilizing, for east-west baselines, the function

Oby = by ~bpq t 0y ~gi ), (19)

in which the equivalent phase ¢,, for the :th baseline obtained optically is

#*The stations with the larger error in 6 used cut film, which tended to bow out from the
focal plane inthe camera, defocusingthe image and reducingthe precision of measurement.
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by = By sinb,-mn,, (20)
and for the north-south baselines the corresponding function is

Aa)]. =@ +m”- . (21)
For each optically determined fence crossing at a station, the solutions of Eqgs. (19) and
(21) provide the errors A¢, and Aw; which have been plotted as functions of modified
Julian Day* for the station. A sample of this type of plot (Fig. 7) shows the A¢'s for a
few baselines at Elephant Butte, N.M., over a limited period of time. A bias error and a
random-type error are apparent. A breakdown occurred on the 520-ft baseline during
the period covered by this plot; it is the only event of that type detected during optical
calibration. Bias changes and increased dispersion of data points for the 1040, 2080,
and 5200-ft baselines are apparent. (A small change occurred also in the bias on the
520-ft baseline from before to after the breakdown.) Plots similar to Fig. 7 have been
made for all baselines but are too bulky to include in this report. Instead, summaries of
such data are given in Tables 1 through 4,7 which include mean values of A¢ and Aw,
standard deviation, and standard deviation in the mean values of A¢ and Aw for periods
between bias changes.

A summary of the number of bias changes for each baseline during the period of this
report is given in Table 5. No bias changes were recorded on baselines of 520 ft or less
at the San Diego and Silver Lakel stations; only one change occurred at Ft. Stewart (the
change was associated with a change of 1 ft in the baseline length). At Elephant Butte,
one change took place in the bias for all baselines due to a general rephasing of the sys-
tem, in addition to the small changes associated with the breakdown mentioned above.
Changes in bias for the north-south baselines have also been rare. Hence, bias errors
for these baselines can be accurately determined by optical calibration and extracted by
a calibration correction to output data.

Figure 8 is a plot of bias errors for the baselines of 520 ft or less at the four re-
ceiving stations. The mean calibration error for San Diego, Elephant Butte, and Silver
Lake is -0.006 +0.032x. This measurement supplies a figure for accuracy (bias) and
precision (scatter of measurements) which was obtained with the electronic measuring
devices then in use. The corresponding calibration error for Ft. Stewart is -0.056 +
0.054x, which is noticeably inferior to the figures for the other three stations. The larger
errors were probably due to the increased bias errors on the 136 through 412-ft base~
lines at that station.

Calibration errors for baselines longer than 520 ft are given in Tables 1-4, inclu-
sive, and are plotted in Figs. 9(a)-(d). The sets of calibration errors existing at a sta-
tion at a particular time are connected by broken lines and numbered in chronological
order. These errors are generally large in terms of a wavelength. There is some indi-
cation that the initial calibration errors had a dependence of the form

¥y = met+b+ph/2 (22)

in which p is a small whole number. This dependence tends to disappear with subsequent
bias adjustments. The magnitude of the bias errors have not been consistently reduced
by changes which have been made in the calibration system. Since each time the bias is
altered, some time is required to obtain precise optical calibration data, precise figures

*Modified Julian Day = Julian Day - 2,400,000.5 days.

TAll tables are collected at the end of the report.

1A bias shift prior to the period covered by this report occurred at Silver Lake between
January 10 and 12, 1961. A corrective change was made to the baseline on June 28, 1961.
(See Ref. 3.)

ATT T AAUTIANA




PHASE ERROR A¢ (FRACTION OF X)

14 NAVAL RESEARCH LABORATORY
ll JAN 63 25 APR eal 2 JUN 631 lng JUN 63
o © o .
+0) |— %% ° 8, 5%9 ° °
. Qo o0
o 5200 FT_(WIDE BAND} o % ° °
-O) —
B
o ° o
o o
+00F— & o) o oo ° °° N go‘;oo‘é%bo °
ol 5200 FT (NaRROWBAND) @ " L _ o 0 %R0 © o o
00 § % © o o o ° o
-0l — 0 & o o ° o ° . ©
° o
o o
+01f— © o8 Bo,2e0 °
Qo0 o
2080 FT @ <, ° g 320 °
o o S o3 o
2 & & o *
-0l ° o \
15 MAR 63 — CALIBRATION LINE ALTERED
+0 — °
o 1040FT 8 ° o o o © o o
o 3 Fe T % o 4 & TR 3% oo @
] ° o o © o e
-0+ © @ o o ooc?
\NOV 62 - JAN 63
* ANTENNA LEVELING
+0.1 —
°© o
0 520 FT —— g T 2 - JRE—y4 [
&% FACHNN s e, ¢ RECA
-Gl — °
*0.i— 128 £T TRANSMISSION LINE FAILURE
ors % BT P N e T
o o6 © ° & ° QW 8
+00— o
60 FT o o o
o ‘f—_ WY oW ¢ " ° ° o2 o Y &
-0 H— °
+00—
52 FT o o
o o o
o N o, %0 g ¢ o ° o
-0t +— °
Ol f—
20FT o
0 k2 < oY oo e I ) N @ T = Qo ——%—%3 -égu—‘%-&1 —
-0.1
37900 38000 38100 38200

MODIFIED JUL..sN DAY
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Fig. 8 - Plot of bias errors at the four receiving
stations for baselines of 520 ft or less

for bias errors are not always available. This situation results in a temporary reduction
in the accuracy capability of the system until new values of bias errors have been
determined.

SCATTER OF POINTS

Unlike bias errors which, once determined, can be removed as calibration correc-
tions, the random scatter of points is a more basic limitation to the system. Figure 7
shows the scatter of data points for several baselines at Elephant Butte, N.M. The
histogram for one baseline at Ft. Stewart, Ga. (Fig. 10) illustrates that the distribution
approximates the Gaussian normal distribution. This experimentally determined distri-
bution supports the procedure of computing standard deviation for all baselines covered
in this report, as given in Tables 1-4, along with the bias values.*

A weighted mean standard deviation for each baseline length at all the stations has
been computed and the results have been plotted in Fig. 11. The points at Ft. Stewart,
Georgia, have in addition been plotted separately. The standard deviation for that station
tends to be constant for baselines up to about 200 ft and increases slowly to +0.08x for
the 1852-ft baseline. The standard deviations of all baselines from 16 to 520 ft appear to

*This normal distribution formula was applied to the period when the 520-ft baseline
failed to resolve, giving an erroneous value of 0.010+ 0,261). Reference to Fig, 7 re-
veals that the distribution is non-Gaussian. Since the function is multivalued at intez-
vals of one wavelength, one is led to interpret all measured errors within the range of
+ A /2. If the normal distribution formula is applied to a bounded distribution of this sort
where there is equal probability of falling on any point within the range of + A/2, one ob-
tains 0.000+ 0.289x, which approximates the value given above for the period of break-
down,

ﬂ_'%]'_??{f{‘L"‘E‘\H!‘?
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Fig. 10 - Histogram of phase error residuals for the
136-ft east-west baseline of Ft. Stewart, Ga.

be independent of baseline length and to have a weighted mean value of +0.034x. For
baselines exceeding 520 ft, the standard deviation increases until it reaches +0.09x for
the 5200-ft baseline. These results provide an experimental basis for determining the
probability of correctly resolving the integral parts » and of the east-west and north-
south path differences, respectively, {rom one baseline to the next for baselines of vari-
ous lengths.*

Equation (11), which gives the limits to allowable error, must be replaced by a
slightly modified formulation to provide a solution in terms of the standard deviation o.
In the special case where random errors for different baselines are uncorrelated, the
standard deviation in n, ,, is (10) '

3
B .
oA nyyy) :W)+l U/f) +(Uk+1)2 . (23)
k

%#The assumption here is that all signals will behave similarly to those of the Echo-type
satellite for baselines from 16 to 520 ft. ‘

————EEEE RN
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Equation (23) treats the statistical problem based on standard deviation.

Having experimental values of the standard deviation for Echo passes, the probability
of correctly resolving passes which behave in a similar manner can be estimated. For
such restricted cases the probability of reading »,,, correctly, if n, is correctly resolved
in a system with corrections made for bias, is 99.9 percent for baselines up through 2080
ft and 99.5 percent for the 5200-ft baseline. This high percentage of correctly resolved
passes necessitates accurately correcting for bias.

This is shown in the table below where percentage of correctly resolved passes are
given versus bias error in the 2080-ft baseline and no uncorrected bias in other base-
lines.

. 5200-ft BL
2&22'_0%5}0?1}3‘5 Correctly Resolved Passes
(percent)
0.00 99.5
0.05 98.2
0.10 91.9
0.15 75.8
0.20 50.0

The weighted mean standard deviation for the 5200-ft baseline is +0.09%, roughly 2.5
times that of the shorter baselines. This overall error on the longest baseline sets a
limit to angular resolution of +32 sec* of arc at the zenith.

*Compare this with Ref, 11,

AT ITOLUTIAMA
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MISCELLANEOUS TOPICS

Figure 4 shows the path of a signal received by antennas « and + which enters the
recorder by two alternative paths. One is the phase recording of an individual antenna
pair. The second is the combined output of two or more antenna pairs which has been
converted to equivalent 4, 40, or 400-ft baselines. Ideally, the combiner channel should
have a phase reading equivalent to the longest baseline included in the combiner accord-
ing to the formula:

. equiv. combiner baseline
Combiner phase error = —
longest baseline in

combiner input

> x {error in longest baseline).  (24)

An analysis using Eq. (24) has been made for a sample of data from the San Diego Sta-
tion.* The results are as follows:

Longest baseline Phase error of Predicted combiner Measured on
in combiner longest baseline error by Eq. (23) recording

(ft) (fraction of 1) (fraction of )\) (fraction of A)

128 -0.007 +0.041 0.000 +0.001 +0.007 £0.036

520 +0.042 +0.036 +0.003 £0.003 +0.003 £0.007

5200 +0.002 £0.083 0.000 +0.006 -0.077 £0.006

The figures for the 4-ft combiner (+0.007 £0.036)) is unexpectedly large. This unex-
pected error resulted from a procedure of having the pen travel exceed the range of the
recorder paper by 12 percent. When a correction was applied for this error, the new
measured value was +0.001 £0.007), which is satisfactory agreement. The discrepancy
in the measured value for the 5200-ft baseline can also be resolved in a satisfactory
manner. Since the combiner error is known from optical calibration, we may insert its
value (- 0.077 +0.006) into Eq. (24) and solve for the error in the 5200-ft baseline. This
calculation gives a value of -1.001 £0.078x. Hence it is clear that the combiner was in
error by one wavelength in terms of phase. (This error resulted from an error in the
2080-ft baseline of approximately »/2, which was detected through optical calibration.)

The above comparison between combiner output and individual channel phase record-
ings has certain consequences in addition to illustrating the capability of optical calibra-
tion techniques. It indicates that the small standard deviation (+ 0.034x) for short base-
lines and the larger standard deviation observed on the 5200-ft baselines enters the
system prior to the output of the postdetection filter; that the error entering after the
postdetection filter is on the order of +0.005x. It is believed that nearly all of the error
after the postdetection filter (which is at present negligible in comparison with other
errors) is introduced by recorder drift and the limited precision with which it can be
read.

Correlation may be found between bias error and phase rate (12). This correlation
is illustrated by the negative shift in bias with increasing phase rate, shown in Fig. 12(a),
and the positive shift of Fig. 12(b) in which phase error A¢ is plotted vs ¢ of Eq. (12).
This phase-rate dependence appears to be associated with the characteristics of the post-
detection filter. An appreciable error of this type has been found for the 5200-ft

#Unpublished paper entitled "Optical Calibration of the Brown Field Space Surveillance
Station,'" Space Surveillance Branch Technical Memorandum No. 99, Jan. 15, 1964, by
L. O. Hayden and T. B. McCaskill.
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Fig. 12 - Plots of phase error A¢ vs phase rate ¢
for the 5200-ft baseline at San Diego

baselines. Extraction of this type of error requires a determination of the phase rate
for each pass to which the correction is applied.

As seen in Figs. 3 and 4 the elements of the system from the antenna to the hybrid
divider (including the calibration circuits) are common to more than one baseline in
many cases. If an error in the direction of arrival should exist because of ionospheric
effects, a phase error proportional to the baseline length would be expected. If the shift
is internal to this part of the system, it would cause an error, with either like or opposite
sign, independent of baseline length.* This effect is complicated by the error in the
other antenna line with which the first must be compared. This problem has been at-
tacked by statistical methods. Table 6 gives correlation coefficients between the longest
baseline in use at three receiving stations and a series of shorter baselines. Positive
correlation is found with the longest and second longest baselines (which have a common
element). Correlation with the next shorter baseline (which does not have a common
element) is weaker. Occasional correlations show up for other baselines, but with no
clear pattern. It is believed that an appreciable part of the standard deviation is due to
factors external to the system, but a significant part is due to internal effects. If the
known internal system errors of +0.034» and +0.005\ are extracted, the remaining un-
known error is +0.083,. This residue is an angular error, due to all unknown factors,
of +30 sec of arc at the zenith.

In the Ft. Stewart installation, Fig. 3(a), baselines 1, 2, 3, 4, and 5 have antennas
which are 1600 ft long, whereas the baselines of similar length at the other three receiv-
ing stations, Fig. 3(b), have antennas which are only 400 ft long. This difference appears

to have no significant effect on the standard deviation of the baselines for signals of Echo
strength.

The mean standard deviations in Fig. 11 for baselines from 616 to 1852 ft at Ft.
Stewart, which are of the dipole type with ground screens, increase as a function of

*Unless it depends on calibration line length.

i
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baseline length in amounts similar to that for the 1040, 2080, and 5200-ft baselines of
the Yagi type at the three other receiving stations.

CONCLUDING REMARKS

The U.S. Navy Space Surveillance System contains a bias error which is an additive
constant to the system. This error is unimportant in the shorter baselines but should be
removed from the longer baselines in accordance with optical calibration data. It can be
eliminated by a mathematical correction or by adjustment of the calibration lines. The
latter procedure is advantageous but needs to be applied with care and full understanding
of the system to avoid introducing a new calibration error which may be as bad, or worse,
than the first.

A new Space Surveillance system is being built which will operate at 216 MHz to re-
place the system studied in this paper. Calibration data on that system will be included
in a future report.
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Table 5

Number of Shifts in Bias (A¢) During Period of Observation

Baseline Number of Shifts for the Station Indicated
Length
(ft) Silver Lake | Elephant Butte [ San Diego Fort Stewart
East-West East-West
Baseline Baseline
4 - - 0
8 - - 0 16 0
16 0 1 0 24 0
20 0 1 0 28 0
40 - - 0 52 0
52 0 1 - 68 0
60 0 1 0 136 0
128 0 1 0 152 0
392 0 0 0 204 0
520 0 3 0 413/2 1
1040 2 2 2 1234/6 4
2080 5 3 5 617/6 3
5200 5 3 6 1851/2 3
North-South North-South
Baseline Baseline
400 - 0 0 400 0
800 - 0 0 800 1
1200 1 0 1200 2
1851 - - - 1851 2
Table 6
Correlation of Longest Baseline with Shorter Baselines
at Each of Three Stations
Correlation of
Ft. Stewart, Ga. Silver Lake, Miss. Elephant Butte, N.M.
1852-ft BL with 5200-ft BL with 5200-ft BL with
BL (ft) r* N | BL (ft) r N | BL (ft) r N
1236 0.745 | 27 2080 0.666 | 22 2080 0.530 | 55
616 0.514 | 27 1040 0.269 | 22 1040 0.491 | 55
412 0.198 | 27 520 0.265 | 22 520 0.307 | 55
204 0.105 | 27 392 0.114 | 22 392 0.095 | 55
136 0.227 | 27 128 -0.348 | 22 128 0.175 | 55
28 0.242 | 27 60 -0.416 | 22 60 0.016 | 55
24 0.286 | 27 52 0.062 | 22 52 0.370 | 55
20 -0.193 | 22 20 0.020 | 55
16 -0.260 | 22 16 -0.142 | 55
N
Lo Ta Ty
*The correlation factor r = - :]\}O' =
z Yy

where r, =2z, - Z, ryTY; T Y-
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