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- SUMMARY

Satellite ground terminals require accurate read-out devices
for the elevation and azimuth angles of the antenna beam centre.
For the calibration of these devices the known positions of stellar
radio sources can be used. Usually, the measurements are carried
out when the radio source is moving in elevation only or in azimuth
only. In this memorandum a method is developed for performing the
measurements at any point of the trajectory and for then determining
the antenna misalignments by using a best-fit procedure-based on a
large number of measurements. The pérticular sources consideréd are

the radio stars, the sun, and the moon.

The accuracy of the method is analyzed by estimating the
errors associated with the various'parameters inveolved in the
measurements, and a way of deriving the accuracy from the scatter
of the measured results is described. A calibration accuracy of

0.006° is found to be feasible.

The method has been applied to the experimental ground terminal
SET-2 at the SHAPE Technical Centre. Within the accuracy limits of
0.01° for each axis no misalignments could be detected. The error
derived analytically agrees satisfactorily with the error derived

from the variance of the observations.
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1. INTRODUCTION

A satellite ground terminal antenna which is steerable and
highly directive requires accurate read-out devices for the eleva-
tion and azimuth ahgles‘of the radio beam axis. Theicalibrationﬁ
accuracy should be in the order of 0.01° for quick acquisition of
the satellites, collection .of tracklng data for orbit determlnatlon,
programme tracking, and radio- astronomlcal observatlons. Inaccurate
antenna pointing may be .due, to non- coax1al flttlng of thé ahgle encoders
on the antenna axes, distortion of the dlSh when moved 1n elevatlon,

and imperfect levelllng of the az1muth bearlng

The peointing accuracy of a_satellite ground terminal can be
measured by means of landmarks,.a satellite, of_stellar radio sources.
The advantages 6f ‘the radio-sourcé method.are ‘that thé'célibratién
points cover almost the entire range of elevatlon and a21muth that
radio sources are available at any convenlent tlme, and that “the

positions of the radio sources are very accurately known.

In order to obtain the antenna misalignments in elevation and
azimuth'separatély, the radio sources are usually measured at their
turning points when they move in elevation only or azimuth only.
Furthermore, because of the 'low flux of radio stars, a clear sky is
necessary. Coincidence of these two conditions within the measure-
ment periods dictated by the work programme of the ground terminal is

rather rare. Hence, this method will in general provide insufficient data.

In this memorandum, therefore, the calibration method using
radio stars, sun, and moon (Ref. 1, Chapter 4) is further developed
to permit measurements at any (visible) point of the trajectory of
the radio source. Results are derived by best-fitting procedures from
a large number of méasurements, thereby randomizing the systematic,
errors and leading to .improved measurement accuracy. For the data

processing a computer program is given providing the misalignments
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in elevation and azimuth and the rms errors. For the computation
of the celestial position of the radio sources a programmable desk
calculator together with an astronomical handbook is used. For the

convenience of: the user, the appropriate formulae and constants

have beeén extracted and summarized in the appendices to this

memorandum.

*A'éhorough'error analysis assesses the feasibility of the
Various radio soufces for ‘antennas of different sizes. The efbor
limitsAére evaluated analytically depending on whether a radio
sfar, the sun, er the moon is used. The.errer limits are also

derived from the spread of the measurement results.

The method has been applied to the calibration of the
satellite groﬁnd'terminal‘SBT—Q of the SHAPE Technical Centre.
The feasibility of the method is demonstrated and the results .

. are reported together with the associated errors. .
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2. LOOK ANGLES OF THE RADIO SOURCES

2.1  GENERAL

The apparent elevation and azimuth angles of a radio source
in the sky as seen from the ground termlnal - in short, the look
angles - may be calculated 1n two ways. One approach is to program
on a computer the equatlons of motlons of the celestlal objects.
This is relatively simple for flxed stars, it becomes more dlfflcult
for the sun, and is very involved for the moon. The look angles

are then available in the form of voluminous tables.

In this memorandum a different approach is followed. The
position of the star, sun, or moon for the intended time of the
measurement is taken from the handbock ""The Astronomical Ephemeris"
(Ref. 2, below designated AE) of the current year in terms of the
inertial coordinateshof the star and these are transformed hy means
of relatively easy calculations‘into the look angles.for the_particular
ground terminal. for these computations a programmable desk calculator,
such as the HP S100B, has proved emlnently sultable for gettlng )
results of the required accuracy within a few seconds Thus '
advantage can be taken of a sudden clear sky period by calculatlng

the look angles in Vpeal time" immediately before the measurements.

2.2 COORDINATES OF THE GROUND TERMINAL

Por the calculatlon of the look angles the ‘location of the
ground terminal on the earth is requlred Usually the geodetic
coordinates, longltude and latltude, are given, based on the reference
ellipsoid 1950 European Datum. ‘ Flgure l shows the ground termlnal
relative to the reference ellipsoid and the definition of the
geodetic latitude ¢ by means of the normal to the elllp301d, which

is called the vertical. The geodetic longitude A is defined as the
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angle measured on the equator between the meridian of the ground
terminal and the Greenwich meridian, and reckoned positive to the

east.

Mass anomalies within the earth deflect a plumbline slightly
from the normal to the reference ellipsoid: this effect méy be as
much as 0.02°. The plumbline defines the astronomical latitude ¢
(Fig. 1) and longitude Aa' The deflection of the plumbline can be
resolved into the two components EP‘and np which are the’ deflections
to the north and east respectively. The astronodmical coordinates
¢a and Aé.ére related (Ref..s, Chaptér 5) to the geodetic coordinates
¢ and A by

¢

a

CA
a

brE | (1)

A+ n/cos§ (2)'

The azimuth bearing of the ground terminal is usually
édjusted to be horizontal by means of a spirit level or pendulum.
Therefore the elevation and azimuth angles displayed at the ground
terminal refer to the local.plumbline.and the astronomical latitude
and longitude have to be>used: The astronomical latitude and

longitude for SET-2 are given in .Ref. 4.

Because of the lérge distance of fixed stars the displacement
of the ground terminal: from the centre of the earth can be neglected
in all calculations. -For the sun, however, and even more essentially
for the moon, the geocentric distance @ of the ground terminal and
its geocentric latitude ¥ as shown in Fig. 1 are taken into account.
However, the height of the ground terminal above the ellipsoild is
neglected. The equations given in Ref. 3, Chapter 2 for p and V¥

are simplified by means of the approximation f << 1 (f=(a-b)/a=

flattening = 1/297)yielding

_ 1, SR
b= ¢ - 535 sin 26 (radians) | (3)

a(l - 55= sin’ 2¢) )

p

on the reference ellipsoid 1950 European Datum.
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2.3 CORRECTION FOR THE TILT .OF THE AZIMUTH  PLANE
“Althoﬁgh‘means%ane ueuallyfpfSVldedltoﬁlegel the azimuth =

bearing, in praeticeja:pesidﬁal“defleetien of the normal to the

azimuth plane from the plumbline is observed. This tilt can be -

measured accurately (Ref. 4).

The inaccuracy of the lodk—angles due to the azimuth plane
tilt could be con51dered as part of the overall error to be

evaluated However, it is helpful for flndlng other sources of

.error to separate this efféct and to apply ‘the’ callbratlon to the'

read-out devices after a correctlon for a21muth plane tllt ‘has been

made. The deflection of the normal to the azimiith plane 18 treated

similarly to the deflection of the plumblire By introducing a =
‘corrected latitude ¢t and longitude Atfgiven by:

o, = e 4 e, T (5)

t a t
Mos Moy Mpfeese o (B)
where . « - . & ST s e s _
.€{_ﬁ=;;deflection-of;thefnormalﬂto the -north - .-
ne ‘deflection of the normal to the east

The numerical values found  (Ref. 4) for the ground terminal

SET-2 are

52:08517%.

A

it

I o M
¢ T MRS E

2.4 LOOK_ANGLES_OF-FIXEDQSTARSr

‘The pos1t10n of a star‘on the celestial” sphere is deflned by

two angles, namely the rlght ascension and the decllnatlon " The - |

right ascension is the angle between the Flrst ‘Point of Arles and

the merldlan of the star measured in the equatorlal plane p051t1ve

.TM—413’ mvv NATO UNCLASSIFIED
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in the direction opposite to the apparent rotation of the celestial

- sphere. The declination § is the angle between the star and the

equator measured in the meridianal plane, positive to the north,

‘see Fig. 2.

Stars with a declination

8> 90% - ¢ S » (7)

are visible at all times of the day: their trajectory as seen from
an observer on the rotating earth is an ellipse. Their upper
culmination is in the north if & > ¢ (éxampleCassiopéia)gtheir

upper culmination is in‘the south and 8§ < ¢ (example Cygnus). The

lower culmination is always in the north. .

Stars with a declination where

¢ - 90° <8 <90° - ¢ o (8)

" . set below the horizon for part of the day and have their culmina-

tion in the south (example Taurus).

Figure 3 plots elevation against azimuth for these three

. stars (and also the sun and the moon) as seen from SET-2.

Stars with a declinatioh of

§ < p-90° ~(9)

are never visible at the observer's latitude.

The three strongest radio stars suitable for measurements
at X-band frequencies ape-CassiopeiaiA, Taurus A and Cygnus A.

Their right ascensions and declinations are given in Appendix A.

Although for the purpose of the diagram in Fig. 3 the
positions_of the stars can be considered as fixed, fbr,a precise
calculation of their look angles a secular change of right ascension

and declination due to the precession of the earth of the order of

0.01° per year has to be taken_intO'account. The appropriate constants

-aré published annually in the AE.

TM-413 mvv NATO UNCLASSIFIED
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For the convenience of the user, all relevant formulae from
Ref. 5 and the necessary constants of the stars and the corrections
for the precession from 1872 to 1875 are collected in Appendix A.
However, the current AE must be consulted to find the hour angle of
the Fifst Point of Aries at Oh UT for the day of the measurement.
The elevation and azimuth angles can be most easily calculated by
the HP 9100B desk calculator program also given in Appendix A.
Once the parameters for ﬁhe-day of the measurement have been‘entered
the look angles can be displayed for any instant of this day by only

keying in the time.

2.5 LOOK ANGLES OF THE SUN

In principle, look angles of the sun are calculated in the
same way as for the fixed stars. However, the sun relative to
the celestial sphere goes through an inclined circle (ecliptic)
once a year. Therefore over the year the right ascension varies
from 0 to 3600, and the declination from + 23,50 to -2?.50. Right
ascension and declination for-the sun are tabulated for every day

in the AE and values can be linearly interpolated in between.

The distance of the grouﬁd terminal from the céntre of
the ea#th is no longer negligible compared to the distance of
the sun. The apparent displacement of the sun if itvcould be
observed from the centre of the earth is the parallax. The
distance of the sun, and hence the parallax, varies over the year.
In the context of this memorandum this second order effect is

neglected.

All formulae required are collected in Appendix B. An -
HP 9100B desk calculator program is also given. This, used with

the AE of the current year, enables the look angles of the centre

. of the sun to be calculated, once the appropriate constants for

the day of the measurement have been entered.

TM-413 mvv NATO UNCLASSIFIED
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2.6 LOOK ANGLES OF THE MOON

The right ascension and declination of the moon(vary.considerably‘
with time because the moon drifts through a full circle on the celestial
sphere once a month. The orbital plane of the moon is inclined to the
ecliptic at 5° and the intersecting line of these planes rotates,
completing one revolution in 18.6 years. Hence, the declination of’
the moon varies by 57° and.the azimuth by 360° over a month; The
declination may be as high as 28.5° and as low as —28.50, dépending
on the year. In any case the moon culminates in the south for European
observers and part of the trajectory is below the horizon. Declination
and right ascension of the moon are tabulated in the AEjfor every hour. -

Times in between can be linearly interpolated. . -

The distance of the groundpterminal from the earth's_ceﬁffe*3-‘-j‘
is not negligible compared to the distanée of the moon,'ahé"hehce '
a parallax correction is necessary. Furthermore, the distance of ' 
the moon and hence the parallax correction of the observer vary‘
during the month. The horizontal parallax of the moon is tabulated .

hourly in the AE and is used for the calculation of the look angies;?

All formulae required are collected in Appendix C. An HP 9100B _
desk calculator program is also given. This, together with the AE va
the current year, enables the calculation of the look angles of the
centre of the moon for a period of one hour. For the next hour.new‘{

data from the AE have to be entered.

2.7 CORRECTION FOR THE REFRACTION

Due to the refraction in the earth's atmosphere é_radio beaﬁ;
coming from space is bent towards the ground. Therefofe,:the éieva~‘“
tion of a radio source as seen from the ground terminal is higher = .
than indicated in Sections2.4 to 2.6. The azimuth angle isbndt,
affected because an atmosphere undisturbed in the horizontal -direction A
is assumed. The correction for the refraction depends on ‘the surface
refractivity of the dry air, Nd’ and on the Pefractivity of water

vapour, Nw' Both vary geographically and seasonally. - However, in-
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order to arrive at mean values, we assume an earth surface temperature

of 150C, an atmosphefic pressure of 1000 mb, and a.water vapoupr

pressure of 12 mb. -Inserting these values into the formulae recommended

by the CCIR (Ref. 6) we get ’ '
Nd = 269 |

N = sy

w N

In Ref. 7 formulae for the elevation correction‘AE are giveh as a

function of elevation angle E and the refractivities Nd and Nw.'"

d

and NQ gives AE as a
function of E, and this is plotted in Fig. 4. ' . '

After the elevation angle. has been_calculatéd,as indicated

in Sections 2.4 to.2}6 the correction AE is obtained from Fig. 4

~and added to the elevation ‘to give

= E + AE . ' T (10)
corr - - R ‘ ,

TM-413 mvv NATO UNCLASSIFIED:
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3. MEASUREMENT OF THE ANTENNA _PO,I_N,T_;_NG,__.A_cc_uv_.RACY«,.ﬂ,'._

3.1 MEASUREMENT PRINCIPLE

The look angles of a radio source at a required time instant
are calculated as outlined in Chapter 2. A few minutes before that

1nstant the antenna is set to these calculated look angles by u81ng

“the antenna s angle read out deV1ces ‘While the radio star drlfts

through the beam pattern of the antenna the received power 1is:recorded.
A peak W1ll be-noted when the star goes through the beam ' ‘centre: The:
time instant of the peak Can:Be:determined?bynneansiof'timelmarks
which are recorded simultaneously. FIf the antenna were pointing
exactly in'the.true:direction ef«tne;stan, the peak‘Mquld:oceur>r

exactly at the predicted instant: However, as it is most: likely

that the antenna will have an offset in elevation and azimuth in

" respect to the read-out devices, the peak ppwer will be received

earlier or later than calculated. The method proposed in this
memorandum enables the offsets in elevation and azimuth to be

determined from a number of measurements of this time difference:

Figure 5 shows the relationships between the parameteré

involved in the measurement. At the time instant t the star

l)

is in the position Pl with elevation El and azimuth Al The

antenna is 1ntended to point at P but because of the mlsallgnments
AA in azimuth and AE in elevation the antenna 1n fact p01nts at PA
The antenna beam pattern is assumed to be c1rcular, a number of lines.
of eonstant'antenna gain are shown. The star moves along its trajeetory‘>
PlP2 At the receiver, maximum power will be recorded when the‘star
trajectory is closest to.the antenna beam centre. At this instant,

corresponding to point P,, the trajectory is tangential to a circle

22
of constant antenna gain. Therefore, the angle between the lines - -
P2Pl and P2PA is a right angle. Having so determined the instant té,
the look angles of the'star at t2,“52'and A2, can be calculated by

using the formulae of Chapter 2.
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Rather than proceeding with the cumbersome equations for
spherical triangles we recall that the lengths d and r (Fig. 5)
are small angles (<0.1°) which allows us to treat the triangle
P1P2PA as the plane triangle shown in Fig. 6. The unknowrs AE and
AA are related to the known parameters El,Al,EQ,AQ'by

d = rcos (y - B) _ _ - (1D
where

_ ) 2 . ';.— Co 2 2 . P )

d = V{(E,E))" + (A - A" cosE;} (12)

(A, - A )cos E; ~
8 = arctan 2E»'—1E L (13)
' ’ 2 1

2 2 i

r = V {AE” + (AA cos El) } - (14)
‘ _ AA cos El -

Y = arctan I\ (15)

'As there afé two unknowns AE and AA (or r and y by meansLof
(14) and (15)) twovequationé'(ll) are required; this calls for .
two measurements with different trajectory angles B; However,.
because of ineVitablé érrors in_mgasuring El, E;; A2, Al (or d and B

by means of (12) and (13)) a much better accuracy can be achieved

- by making a large number of ‘measurements and finding AE and AA by

the method of least squares.

110 E2i’ Ali’ A2i (i =1,...,n) be found as the result

of n measurements. ,Thén by using (12) and (13) the corresponding

Let E

quantities di apd Bi can be obtained. The presence of errors in
measuring the times of the peak'power means that the medsured diﬁ
differs from the true di by .small deviations Vi3 hence (11) leads
to a set of n equations

d, + v, = ?i cos (yi - B;) i=1,....m. : (16)
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The "best fitting" values of the unknowns AE and AA are found
by varying them in such a way that the sum of the squared errors V.
becomes a minimum. Thus we have .

. . R 2 }

1 iz

F(AE, AA) =
i

1ne~19
N
-3

To illustrate this process, the function F (AE, AA) resulting from

- 36 measurements at SET-2 is plotted 3-dimensionally in Fig. 7. .It

can be seen that there is an unambiguous minimum at about AE = 0,

AA = 0.01° surrounded by quite steep slopes.

For the evaluation of a set of equations (16) a computer

" program called ANTOFF has been written incorporating a standard

subroutine for finding the minimum at (17). It is given in

 Appendix D.

© 342 MEASUREMENT TECHNIQUE

» Essentially the measurement consists in recording the
received bower of the radio source and tifie marks. The radio
sources differ considefably with respect’ to their fluxes. As
their radiation is noise of constant spectral density over the -
ﬁeasurement bandwidth,.the réceived power may be expressed by an

equivalent noise temperature given.'by

T = .ﬁ ‘ G

where G = antenna gain, S = flux, k =,Boltzmann-¢onstant, and
A = wavelength. If we take the flux densities and the correction
for the angular dimension of the sources as given in Ref. 8 the .

equivalent noise temperatures of the sources are as shown in Table 1.
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Table 1

Equivalent noise temperatures of radio sources at 7 GHz in °k

Soupce Antenna diameterA '
r 60" - | o' 20" | 10
Sun © |+2,000 h22,000 . [M5,000 |~6,700
;Moon | 2,400 | 2,100 | 1,400 620
Cassiopeia A 71 | 35 | 10 3
' Taurus A 1 89 | 33-|. 9 L2
;ﬁCygnus A 28 13 | 3 1

70% effhcteney assumed and Gausszan shape of the .
source 's radtatzon and the antenna pattern -

From this table it can be seen that the power radiated by the
sun and the moon is sufficiently high to be recorded by an ordinary
linear receiver even for ground terminal antennas of only 1l0-feet

diameter.

The noise power radiated by radio stars; however, is severél
orders of magnitude smaller. For a recelver w1th an uncooled
parametrlc amplifier, the system noise temperature of the ground _
terminal receiver is about 250 K - The stability of the recelver galn
over half an hour is about 0.05 dB correspondlng to an output n01se
power variation equivalent to 3°K. Hence to dlStlngUlSh the recelved
power of the radio star from system noise varlatlons the radio star
temperature should be much greaﬁer than 3 K, say at least 30°K.  This

condition is-fulfilled-by ground terminals with antenna of 40 feet or

.more diameter and for the radio sources Cassiopeia and Taurus.
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Ground terminals with smaller antenna diameters receiving
radio stars need a radlometer which eliminates the effect of galn :
drift. Thls is achieved by contlnuously switching the receiver
input between the antenna and a reference noise source and at the
ou‘tpuf eynchronously detecting and displaying the difference voltage.
As changes in receiver gain-end receiver noise figure are common to
bbth.chanhelé, to a first order they are cancelled at the output.
in'drder to smooth the pdst-ﬂetectdr noise voltage, the
output signal usually passes an RC fiiter with time eeQStant T,
Wheh"a_radio_source passes through the antenna beam pattern, due
to the radiometer time constant the occurrence.of the.peak is delayed.
It has been shown (Ref. 9) that the peak is shifted by 1 pro?ided that
T does.not’exceed one-tenth of the halffpower.tréﬁeit fime of the
star. Hence, in determining the instant of the peak from the recording,
the time T must be subtracted. The half power” translt time can be .
determined from the angular veloc1ty w of the star whlch is (Ref 1,

.Chapter 5)

W = 0.25 cos 6 (degrees/minute).

where & = declination,

vand‘the 3-dB beam-width of the antenna. The fastest star'woﬁldaﬂe
one with § = 0 travelling at an angular velocity of O.25°/min. For
example,‘for a beamwidth of 0.26° (SET-2) the fastest -transit 'time
is one minute. Therefore, the radiometer time cOnstant.must not: -
exceed six seconds in order to malntaln the: valldlty of: simply .

subtractlng T as correction.

The post- detectlon noise sets a llmlt below whlch radlo"
stars cannot be recorded. The post detectlon n01se power is '

equivalent to a noise temperature AT glven (Ref l Chapter 3) by

T
- S : 2 - . .
where
TS = system noise temperature
B = RF bandwidth

= radiometer constant’

—
i
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As an example let TS = QSOOK, B = 20 MHz, and T = 5s then we have
AT = O.O3OKL"This'hbisé”shduld’be'small‘0+15*dB) compared. to. the.

sighal: Hence, from Table 1 it can be seen that only for ground -
" terminals with an antenna diameter of less than 20 feet is it not .

' possible to track radic stars, the others are able td receive at

least Cassiopeia and Taurus. The sky should be clear in any case

because otherwise the noise temperature fluctuations of the

atmosphere would mask the radio star signal.

Examplesof radio source recordings are given in Figs. 8 and
9 which show respectively a sun recording and a recording of

Cassiopeia A taken at SET 2.

- 3.3 DATA PROCESSING AND ANALYSIS

A measurement and its analysis consists of the following

stéps.

(1) Select radio source; calculate an apparent
position E_, Al by the formulae or desk
calculator programs given in Appendices A to
C (computational accuracy of 10-% degrees
required); add to the elevation angle the
refraction correction AE from Fig. 4.

(2) Direct the antenna to this calculated
position and record the received power as
the radio source drifts through the antenna
beam. Also record time (UTC) marks.

(3) Read the instant of peak received power; when
a radiometer is used subtract its time constant T.

(4) Calculate the apparent position E_, A, ©f the
radio source at the instant of thé peak of the
transit as outlined in Appendices A to C.

(5) Perform as many measurements as possible. Then
run the computer program given in Appendix D
whereby the input values are quadruples of the
elevation and azimuth angles (El, Al: E2, A2)
obtained in (1) and (u).
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In the calculations it is only.the difference'between the, elevation
angles E, (see step 1) and E, (see step.2) that is used, and so it
is convenient to insert them both uncorrected into the computer program.

The results of the computer run are the antenna misalignments,.AE and AA,

which best fit the measured values.

TM-413 mvv NATO UNCLASSIFIED
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. ERROR ANALYSIS

4.1 . ERROR OF THE LOOK ANGLES OF THE RADIO SOURCE

In the measurement described in Chapter's‘tﬁere are two
principal sources of error: fiféf, the look angles to which the -

antenna is set at the start of the measurement may be determined

‘with an erfor, and oecond ‘the occurrence time of the peak of the

received power will be read with a certain error. This section

ideals‘with effects related to the first kind of errors, Section 4.2

with the second kind.

So far the radio sources have been treated as strict point
sources of radiation.. All of the radio sources, however, have a
finite angular extension. Nevertheless the calculations hold for

a circularly symmetric dlstrlbutlon of radiation and a circular

',anterna pattern. This condltmon is fulfilled for Ca951ope1a the_

other sources hdve a non- c1rcu¢ar dlstrlbutlon of radlatlon

-The.radio stars Taurus and Cygnus have'an asymmetry of
0. 025 (Ref. 8). The sun’ is neither circularly symmetric nor
is 1ts radiation constant ‘with ‘time. It has been observed (Ref. 10)
that the effectlve centre of the radiation in the mean is displace&
by 0.025° from the astronomical centre. The correlation time  for

the effectivei.centre is five days; therefore, repeatingvthe=measure?

‘ments at intervals of not less than five days permits this displacemeht

to be treated as random.

The moon is a dependable radio source due to the periodical

“illumination. The radliation is a super-position of a periodically

varying component with a constant component. At 7 GHz the brightness

. o .
temperature of Lhe moon varies between 207° and 219 lagging 3.3 davs

T with ) respecL to the optical illumination (Ref. §). The effective

centre of radlatﬂon is shifted to the brighter side of the moon.

In Ref.’l, Chapter 4, an equation. is given from which a maximun
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shift of 0.009O is calculated from the above values.

In practice, it is usual for all sources to be used in the
calibration measurements. In order to arrive at a single value for
the error due to the finite extension of the radio-sources it is_assuméd
that all five sources are measured an equal number of times. The
average error O is then the mean of thé individual errors, so we
have | . -

Om :.9 f 0.025 + 0.0%55+ O.OZSI?IOiQO? .:;“0'0170

In addition to this error in the position of the radio emission
centre due to the finite extension of the source there are other causes

of error such as:

v f,mathematlcal approx1matlons
.~ error: in the coordinates.of the ground termlnal

- error in the right ascension a and decllnatlon 6

‘of the star (g, = 0.008°,"0 o5 = 0. oo7°)
'-‘short term 1rregular1t1es of the’ motlon of the earth

- aberration.

Each of these errors (except those in right_asgehéion an& o ‘
declinétion) is léss ‘than 0. 003o and thus small comparedwwith
the error described above One can therefore dccount for. all
errors by attrlbutlng BN I'MS error. of 0. Ol for the. comblnatlon of

all_effects.

In calculating the look angles of the stars the elevation B
angles found mathematically are corrected for atmospheri¢ refraction
.(Seqtion 2.7). This correction-introdgceSDYet another error.  The
correction, and consequently its error;, is large at elevation angles
below 20°. The correction curve in Fig,_u is based on aigtratified

model of the earth's atmosphere which neglects turbulencés_and“uses

- only the refractivity at the earth's surface. In Ref. 11 it is shown

that the error resulting from these approximations does not exceed

0.003°. In Section 2.7 a mean refractivity.with respect to seasonal
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and geographical variations is used.- On-the charts for the refractivity
given in Ref. 6, in the NATO area variations of the refractivity over
the range N = 310 - 360 ‘are found. This corresponds to a variation in

the elevation correction of less than 0.02O for elevations above'lOQ.

By treating all errors as random a combined rms error for the
position of the star can be given. From the above figures an overall

error of 0.028%°results.

4.2 ERROR IN DETERMINING THE INSTANT OF THE TRANSIT

Tﬁe-efror estimated in the previous secfion enteré the
measufement ét the start. An additiohal error érises when the
recofdiﬁg of the star transit is apalyzed and thé time instant
of the péék is determined. The fdllowihg sources of error are

involved in the determination of the peak:

- receiving system noise

- asymmetry of the sourcefé'rgdiétioh pattern

- asymmetry of the antenna pattern

- corrgctidh for the time cénstant of the radiometer

- time marks.

The error due to system noise applies mainly to the radio
stars because of their low flux dehsity.vder the sun and the moon
this source of error is negligible as can be seen by éomﬁafing

Figures 8 and 9. When the radiometer is used the mean post-detection

' power fluctuation, expressed in equivalent noise temperature AT, is

given by (20). The power uncertainty can be related to an uncertainty

in angle by means of transit curves. For a point source the transit

‘curve is an-image of the antenna pattern, hence (Ref. 12)

| 29 | (/6. siné) a5 |
T A B A o — _ _ i S
_ 1= Tpeak /KG).sine ~T peak [é ¥ Gé] (21)
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"where 6 = off-axis angle <<'1l and a uniformly illuminated circular

aperture is assumed. Insertlng (19) and (20) into (21) ylelds the
off-axis angle A6 which corresponds to the post-detector noise

temperature fluctuation AT: we obtain

: 16 ™ k T 73z L | :
Ao = [—“—_2“%] (22)
Y(Br).5A° @ S e

It can be seen that the resolution A8 of the measurement
improves linearly with increasing antenna gain G but only with

the square root of decreasing system noise temperature T. For

- Cassiopeia at 7 GHz and assumlng T = 250 K, B = 20 MHz, antenna

efficiency = 0.7, and 7T = 1/10 of the transit time, Table 2 glves

the attalnable angle resolutlon for various antenna dlameters

Table 2

Angular uncertainty due to radlometer .
post-detection noise '

Antenna

' ‘ ' ' | v g ‘v
diameter 60 ‘ 40 30  20 ) 10

| Angle _ ol ol s :
resolution 0.00167{0.004710.007 0.013o 0.05

For a very high gain antenna and consequently a high directivity
the beamwidth is comparable to the angular extension of the radlo
sources. For the moon and the sun this is always true. 1In this case
the recording is.an image of the radiation distribution of the source -
rather than of the antenna pattern. The peak part of the recording
flattens and makes the determination of the maximum more uncertaln.
This error has been already accounted for in Sectlon 4.1, and it masks

the error due to noise for high gain antennas (> 40').
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The procedure for measuring the misalignment of the antenna
is based on circular -symmetry of the antenna pattern. Depending:on
the feed system, however, the beamwidth is-a function of the-orientation
of the cross-section through the antenna pattern. No generally valid
error can be given for this effect. Typically an error of 0.01° may

be assumed.

The time instant of the peak of a radiometer recording is
corrected for the radiometer time constant. This time constant can .
be measured with an accuracy of at least one second. Hence, the .

corresponding angle error 1s 0.004° at most.

' The:setting of the clock and the resolution of the time *
marks is within one second, leading to an error &f not more than’

0.o0u°

By teking a large number of measurements and by using
dlfferent radio sources, dlfferent p01nts on their trajectorles,

and measurements on dlfferent days it can be assumed that all errors

occur randomly and therefore can be added rms-wise. As an example we

sum the errors discussed in this section for a 40' terminal measuring

Cassiopeia, Taurus, sun, and moon an equal number of times:

Error due to noise:

Cas 0.o0u°.
Tauw 0.004°
Sun - negl.

: IR Moon negl.
mean:;O.OOZo
" Antenna pattern asymmetry = . B -1 0.0109
"Error of radiometer time constant

(note that half of the measurements

do not involve the radiometer) o S :70.002°
Time marks o - : Q,QO49a
. o

PMS  sum 0,011

. TM-413° mvv . NATO UNCLASSIFIED




PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

NATO UNCLASSIFIED
-22-

We now combine the rms error of the position of the effective
emission centre of the radio source derived.in-Section 4.1 with the -
" rms érror due to the uncertainty in determining the instant-of peak
received 'power derived in this section. This yieids'a total error

of
o = v(0.028% + 0.011°%) = 0.03°

which is the error for one single measurement. The. antenna misalignment
is derived from a number of indépendent measurements:each having this
error. As.two measurements are the minimum necessary to solve for the
two unknowns, n measurements have n - 2 degrees of freedom leading to

the error of the mean

g

gm :, 7—-———-——(n =) . ‘ . (23)
Thus, with 30 measurements, for example, we have -

> _ 0.03 _ o
°m " V2s 7000

4.3  ERROR DERIVED FROM THE SCATTER OF THE MEASURED RESULTS

If it can be assuméd that by making a large number of
measurements all pertinentparameters are varied randomly ahd

' systematic errors are eliminated then the overall erfpr can be
derived statistically from the scatter.of the results. The. ,

- parameters di in (16), which are the measured angles between the
indicated antenna position and the position of the star at peak
received power, are normally distributed around theif true value d..
In other words the deviations ] in (16) have.a.normal distribution

n . , :

with zero mean and variance ¢ = 2 vi2. Making n measurements
o i=1 S

means selecting n samples of the ensemble di' For a sufficiently

.large number of samples (> 30) the mean of the samples is normally

T™M-413 mvv NATO UNCLASSIFIED
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distributed with the same mean d but with a variance

s =% T o3 o v E (24)

s is the error of the value d as determined by n measurements.

The errof in d can be related to the errors of the elevation‘

E
be written as

offsét o_ and azimuth foset.oA by means of (16): this equation can

‘:.Vi": _di+ r, cos (yi - Bi) = f [ri(AE,AA), Y4 (AB,AAX].

(25)
Linearization of (25) gives
v, = -d., + a, AE + b, AA o (26)
i i i i .
where
_of _ . . ‘ :
a; T 3p - cosBi_ : . .(27)
L_RfF :
b, = = sinB, cosE,, . .(28)

i 9AA~

_ Frém the theory of regression analysis (Ref. 13) it is known = -
fhaf the variances of the best fitting valueés of the variables AE and

AA éfe related to the variance of the observed variables di by

| o2
- )b, ‘ o
Q'iE = 32 o Z — ) ) _ (29)
Ia;" Ib;" - lajb;
2
2 2 Ia;

g S
AA 2 v, 2 _ 1.
| Ia;" Ip;" - Qagb;

where SQ”iS given by (24). These formulae .are incorporated in the

computer program at Appendix D; thus the program yields the best

-,fitting values for the misaiignments in elevation and azimuth and

also their probable errors.
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5. CALIBRATION OF SET-2

The experimental ground terminal’ SET-2 at"thétSHAPE Technical

Centre prov1des tracking data of the NATO satellltes for orblt
determination. For this purpose the p01nt1ng accuracy of thls
terminal has been measured by the method described in. this memorandum.

iBetweén’Juhe'aﬁd September 1972 a total of 36 recordings of
Cassiopeia, Taurus, sun, and moon were takcn. Figure 3 shows’the
positions. of the radio sources at the times of the measurements.
The result of the computer'evaluatioa of the measﬁfeménts is given

as an example in Appendix C. The results .avre:

~- Misalignment in elevation AE = 0.001°

14+

0.010°
- Misalignment in azimuth A = 0.009° + 0.012°

from which it is concluded that within the accuracy of the measure-
ment method there is no misalignment in elevatlon or az1muth It
should be kept in mind, that an antenna mlsallgnment due to" azlmuth

plane tilt was:.already subtracted. This was measured separately and

is reported in Ref. 4. At azimuth andneiévaticn‘angléévassociated

with the NATO satellites this correction was O. Ol both in elevation

and a21muth

The error given above is ~derived. .from the scatter of the measure-
ments. For comparison the.error derived. by -considering the sources

of uncertainties (Sections 4.1 and 4.2) is calculated below.
Pertinent equipment parameteré”cf‘SET—2”aré:

Antenna gain : 51 dB

Antenna half-power beam width: O. 29° ~(elevation)
0. 26° (azimuth)

System noise temperature . 880 K

Radiometer time constant - 3, ‘bs
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Therefore we have the following errors, due to the causes listed:

- Shift of the emission centre:

e}

Cassiopeié : 0 (lu.measurements)
Taurus - @ O'.0_25o wo( B”meaéhréﬁéntéjﬂ
Sun .t 0.025° " (13 measureménts)
-Moon - . 0.009°  ( 3 measurements) '
e . Weighted mean :. 0.014°
.,; Mis;éllaneous caﬁ?esu(8§cti9n H;l),-jyzz:JJO.OlOO-
r —'Cpfrectépn,fqr refraction. . ._'1 . St .Q.OlSOh
w ijostedetection‘nqise;_:3 : B e .
| " Sun and mqon‘f;_:  kqoélg (16, measurements) -

Cas. and Taurus 0.033° (20 measurements)

T Weighted meah :0.018°%

‘Afitenna’ asymmetpy - . - U 70,0300

Radiometer time constant correction: ™
o iy
-Sun .and moon : 0 (16 measuretments)

Cas. and Taurus 0.004° (20 measurements)

Weighted mean : 0.002°

Time marks | : 0.004°

rms sum ' : 0.042O

‘This is the probable error of one measurement. The error of.

the mean of 36 meésurements is thus

0.042  _ o
Tse=oy C 0-007

This figure is in reasonable agreement with the errors derived
from the scattef of the measurements, which were O.OlOo and

0.012° respectively.
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6. CONCLUSION

The error analysis shows that radio stars, ‘the sun, and
the moon are suitable for calibrating the read-out devices of a

satellite grouﬁd terminal. A typical value for the accurady is

' 0.006O for a 40-foot terminal. Calibration of terminals with a

smaller antenna diameter would be less accurate because of the

system noise. - The calibration accurécy of terminals with“a'larger

antenna diameter would not improve significéﬁtly‘becauSe*of,the

finite extension of the radio sources. The rms error can: conveniently

be derived from the scatter of the measurements.

The feasibility.of the method has beeﬁ demoﬁstréted by
applying it to the calibration of SET-2. With the accuraéy
limits of 0.01° no misalignments in elevation or azimuth have
been found, apart from tilt of the azimuth plane, which Was ‘

measured separately.
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APPENDIX A

CALCULATION OF ELEVATION AND AZIMUTH OF FIXED STARS

NATO UNCLASSIFIED,
The formulaeVQSed are

=
-
o ‘ . | |
o H = H + A - a+ UT 0.997 269 5664 (A1)
&
E where
-
S H = hour angle of star
E H_.Y = " hour angle of First Point of Aries at 0 UT. .
: % A =L‘longitude“of observer (positive to the.east)
é a = right ascension of star
' UT = Universal Time
- . . ‘
S ' :
a and .. sinE = sin¢ sind + cos¢ cosd cosH o : o (A2)
. L R
- Z where A = azimuth
A ST L
% A~ E = elevation
i a ¢ = latltude of observer
8 § = decllnatlon of star
3 | |
P A = ©... - cos$ sinH .
a and tanh sind cos¢ - cos$ sin¢ cosH (43)
% = 360" + A" for A' <0
3 = A" for A' 2 0
2 . CET

If e and 6 are given at Epoch 1850.0 then o' and 6' for the

beginnlng of the current year are calculated by

g = - sind EﬁanGo +.eos(g6.+ §O) tan a-ejv - . (AW)
q-sin(a t B )
ot = a + Eo + z + arctan - (A5)

1 - qicos(a + & )

TM-413 mvv NATO UNCL A's,§ IFIED
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§t = Go + 2 arctan {tan =9

- calculated by

NATO WUNCLASSIFIED
. ~40o-

1 ';ébé [a' + (ao + &O - Z)J

2
cos

NN

[OL' - (OLO + go + z)]

(A6)

. The transfer from the beginning of the year to the current date is

o = a' +m+n sina' tans' - - (A7)

§ = 8"+ n cosa' ' SRR (A8)

The constantS'gég z5 &, my and n'in (A4) to'(A8) may be found in the

AE. TFor the’years'1972'tovl975 they are-as follows:

g

O

1972 g'27".10

1973  8'50".20

1974  9'13".25
1975  9'36".31

Right ascension

g'27". 14 7'20".92 3507368 1233605

8'50".15 © 7'40".96. 3507370 ~ 1533604

9'13".21  8'o1".00 3507372 1533603
9'36".26  8'21".o4 3507374 1533603

and declination for'isome radio stars (Epoch 1950.0)

o s s 6 I

Star
O O
Taurus A 82.87917 - .:21.98333
Cygnus A 299.43333  40.62333
Cassiopeia A 350.29583 = 58.5U4667

HP 9100 B desk calculator prdgram 

User instructions

'Set'
Press

Enter
program

Press
Press
Display

Enter

T™™-413 mvv

:  DEGREES
END

‘Magnetic card side. A followed by side B

LG UEND
"+ CONTINUE ,
L o of

¢ (degs.) >y
A (degs.) > x

NATO UNCLASSIFIED.
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. Press CONTINUE
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~ Display : |2 0

0

: -41-

Enter o (degs.) >.y.-
P . . 60 (degs-) _)'.bx .
Press CONTINUE
. Display : |3 0 0|i
Enter Eé Ty
gy >
Press CONTINUE
Display : |4 0 0
Enter : z!' >
Z" >
Press CONTINUE
‘Display : B 0 ‘ 0
Enter CR - y
o " > x.
iPress CONTINUE
Display :
L Entér m(s)’ *> y
n(s) .:>» %
Press CONTINUE
‘Diéplay : I7 0 OJ
. Enter Day (1 Jan. =.1) > x
Press CONTINUE
Display : |8 0 OI
Enter HY (hours) + z
) HY (min) - ->y
. B ow
—*Display : |9 0 0 l
Enter UT (hours) = z
A UT (min) .y
UT (s): -+ X
Press CONTINUE
‘Display : [0 A __E]
New time? 1
Yes; Press: CONTINUE
Ty
TM-413 mvv NAT O UNCLASSIFIED
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Elevation and azimuth of fixed stars
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Elevation and azimuth of fixed stars
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'APPENDIX B
- CALCULATION OF ELEVATION AND AZIMUTH OF THE SUN

The formulae used are

a = o+ f la, | (B1)
= 8+ £ A8, . R (B2)
where
= i 1 -of . -
% right ascension ol sun}-. at.oh‘Ephemeris-Time (ET)
60‘ = declination of sun " .
ET = UT + AT, see table below -
Aa_ = daily rate of right ascension
AGO = daily;rate.qf;déclination g
.f. = fraction of day.
CHTH o+ A - o+ UT/0.997 269 5664 S ()
where
H = hour angle A _
ZH# = hour angle of First ‘Point of Aries at 0 UT
p\ = longitude of observer
¢: = latitude of observer

Correction for parallax is appliéd as follows:

o7 = o+ 8U8 cos¢ sinH secd- | © (BY)
corr g .
. = - it : S M . :
corr H - 88 (sing FQSG_ “¢o$¢ cosh siné). ‘ (B5)
Then' elevation E and ‘azimuth A are calculated in the same way as

in Appendix A.

TM-413 mvv NATO UNCLASSIFIED
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The correction AT may be found in the AE. For the years 1972 to

1975 it is as follows:

|Jan 72 July 72~ Jan 73 July 73 Jan 74  July T4 Jan 75

AT(s) | 42.23  u2.8  u3.y 44,0 44,6 45,2 45.8"

HP 9100 B desk calculator program

User instructions

Set: ' DEGREES
Press: END
Enter program: '~ Side A followed by side B

Press: ~ END
—— Press: " CONTINUE
Display : 1 0 0
Enter: ¢ (latitude in degs.) >y
’ A (longitude in degs.) + x (positive:to }
_ the east)
Press: .CONTINUE ’
Display: R 0 0
Enter: HY (hours) » z

HY (mins) >y

HY (seconds and fractional seconds) - x

Press: ‘ CONTINUE
Display: 3 0 0
& (hours) =+ z
a (mins)  +y

ao (seconds and fractional seconds) = x

Press: CONTINUE -
Display - 4 0 0
Enter: ,“ Aao (seconds and fract. seconds) + x
‘Press: . CONTINUE
Display: ks 0 o]
' 8, (degrees) >z
3 | §Q (min. of a?c) >y _
-8 _ (seconds of arc and fract.) = x

O
TM-413  mvv NATO UNCLASSIFIED
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_47..
Press: CONTINUE
Display: e o ol
. “'Enter: AcSo (seconds or arc and fract.) —-x
’ %—-)Press_: B CONTINUE
Display: 70 o]
‘Enter: UT (hours) gz
UT (minutes) Sy
UT (seconds and fract.)> x
Press: CONTINUE
Display: Elevation > oz
Azimuth >y
0. >  x
yes
no
Pr¥ss: SET FLAG

!

TM—413 mvv

NATO UNCLASSIFIED




PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

NATO UNCLASSIFIED

_]_+8._
Titte Azimuth and elevation of fhe sun
'e . Dispisy .
g bl e ! 1y 1z18] !
£ a0 ) 39l accefég,
- .l
G el @] 7 Ise
3 ez 1zl 1o ] IS Kl
=iel 4 In ' 18] Kate 424
8] &> @ S+ 32
s& c 8 YUY
G VP Rart ¢ 120 daual aloke
8l o ‘ 8] = ag
9 ' 9] — I¢
g t:laem yel ) IR BYS
x ¢ M k5] EPE I I !rb + I3z
= : - 3 i;! '\;1—> Y0
- 9 141 d h&# | — 3y
s ¢ Ja]audlo ol 4 i
2 M fup i Edr 120 -
|2 2 [u 2l ¢ lo¢ | $
L RE ) 13| Srore 144 +
R A la] ¢ 193 Yy >
'St crpejull 3] o lo | S| £ [se]ar DINALS
StaoT0 |4y 18] & lov Bl 3 135
Y U BN 31 AR P XD e S I} x= 17
g =134 I U 8 = [syleonietc |5
g = N Ol = ugllopct Hobyi] O] ¢ e ht ]
<| @ _c Jflbugdt Qo] 13| — [3%fand] 5 E -
w | W > [4ojound] ates - T o] x < {47
E ;t T iclc enelzo :L' - 13y
2| { lss il 7 |p? v | ol A 7
T | 200C Leax] 2 50| stoelu] 21 0 [o Storens
Bl 4 [l doge 6oyl Tenk, e =
2l sroeleal 1 o lo § 2l o [PluTe lur=lurt lefy yram
IR GotolYyy et 3] — |34 3.
ol s (1] ad 43 [11] couded & bt v
[ Hy ur k
i - 34 51 ¢ A6 | anoll oted FI
el 3 |1 6] 1> 1o
5 Il ¢ [ bord W o] 17] - [34
<| "= lolaudl tod | (8] & 1%
| ®L_=_13 O 4 Joyll 4 o
Q F 4 o] 3 [o3fl
3 CLERR] 20 - IR L
x| g Jos} el 2 10
B Soetial 51 ofe Y JoY J(

TM-413 NATO UNCLASSIFIED



PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

@D HEWLETT- PACKARD

) HEWLETYT- PACKARD

B HEWLETT- PACKARD

{3 HEWLETT- PACKARD

NATO

UNCLASSIFPFIED
_.L+9_

m_j_._] Elevation and azimuth of the sun
, Dieplay Display Dieplay
b w 3Ty T2 18| MW= To 1218 w |8 y | 2
+ ]33 M Xy 4y X
1P m -0l ¢ os -] ¢ 1u
e 4 2l o im 2l e I
l_a_ﬂ_%t) 24 | I kA i3 x |3 ke
ol - sy 4] —~ Iic 4l e 42! :Z e
& ¢ [ 8l v e O e 20
. EEE VY ade Blaz 2% 8] ¢ 113
JL 3 4 bt dm 17l Yo 43 7 ¢
Bl 3 14w El_=_ 3¢ 18] 4e.. |79
ol 7z 1oz 19] > |40 . ol x |3
@& 2 oo 2l e [13 3] ¢ D¢
' ¢ Jos bl ¢ A Bl +
;ﬂ oS Kk s I el v ks
gl ¢ los dl v L 9 e 117
30 £ foe 200 e 1 O] i [P0
:JT"'é 43 -0 o 1 23osektade -] x> B3
2] 4 oy 2] x ]3¢ winad | @ — D¢
§3 = 138 3 e | dig fo poblter] 3] 6 MY
L AN VIS 14] 4w [P ]agd {14l ¢
'St - I3y i I IS} o IR ]
O 4 Uy 8] o 13 Sl ¢+ 127
71 + J3 :7 oy |73 i7f e a2 A 3o’
S & Iy 8] x [3¢ B8l . |70
o + %3] ol ¢ i o x 3¢
W Goro Jw] 8] o> |2 8l ¢ In
b - I3% Y IR
] o Iy el v e icf T |27
g gl — ]3¢ g ¢
601 1> l4o 30] & Mo - Storage
S -1 - [24
¢ IR ES 2] § |40
1] 4w |70 13 < 3
4 ¢+ |17 4l ¢ Joc
] c ] 8 0 Joo
EFC"“ R3] caledbute 8] - R
171 x |3 corpebadlga | 7]+ [3S 1
& (M olue lho popelted \8lAcCC +
o 7o bt | O o 3 {
1] W= EFy Al 1lel o W] 1 . B __]
L IR RSl R . " —
121 el e |1z s 1
& 0 Con 113
TM-413 NATO UNCLASSIFIED



PUBLICLY DISCLOSED - PDN(2022)0018 -- MIS EN LECTURE PUBLIQUE

(M HEWLETT- PACKARD

) HEWLETT- PACKARD

N0 HEWLETYT- PACKARD

NATO

UNCLASSIFIED

_50_

00 HEWLETT- PACKARD

Elevation and azimuth of the sun
Dispisy Display

‘ Key 3 x Yy z ‘ Koy ! x y
Lol 4 17 310 T
-191  x g :

2l o bz 2

8 a3 9 l{ 1i

4] x |z 14 ]

(] XS ] . !

18] - 1w ) % # (

it IV T iz X j

8] 2 g 8 s i

Ol & Iz 19 | ® 4

18] sy [P0 2 { i

) It b Cob ] ¢ ;

€l e 1l £ ACCHIb0 e | iz :

gl o 1) ¢ o 2 1 Jj
7'°ku6 SisM 32 ) |0 |
11 3¢ S L) T kI '

2l ¢ g 12] rote 4 [24 \ s
S Q@ Bl + I ;

AfLean x {33 laf ¢

'Slir x5y Slret t 22 5{

Sl 2 oz 6] . I3s ]

7l ¢ 71— PBs in

8L 3 o3 8y s {

9] ¢ |o¢ 9] + 33 R

8l o oo al 1 o4 o

IR ol C s y

el § s {3 BESR Y’ i

W M |t lkuk /RET| T o

o] - [34 ©
SHIEEAR L "

v I L 2

18lccear x] 37 L) 13

M sop iyl o] ATeE] 4

18lIF Faglya 18

el Goro Jus C

171+ I3 4

i8] 0 fool 's

o2 lo? )

18] GoTD 144 e

S+ ha Bl

el 4 104 ig] ] -

¢ il :§F
TM-413 NATDO UNCLASSIVFPFIETD



PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

NATO UNCLASSIFIED
-51- ’

APPENDIX C

CALCULATION OF ELEVATION AND AZIMUTH OF THE MOON

The formulae used are

a =0 + g ha § : _ (c1)
o T o A . S
§ =8 + g AS ' » ' (c2)
. .0 o - . . .
where
o = right:ascension of moon - . ,
o at the preceding full hour
v 60 = declination of moon S '
Aao = hourly rate of right ascension
AGO = hourly rate of declination
g = fraction of the hour in Ephemeris Time
(ET = UT + AT, see Table in Appendix B)
H=H + A - a + UT/0.997 269 566 4 . (C3)
where
H = hour angle y o _
,HY = hour angle of First Péint of Aries at 0 UT
A - = longitude of observer (positive to the east)
¢ = o

latitude of observer.

From the geocentric parameters 6 and H the topocentric

parameters § and H  are calculated by
corr corr
A = cosé sinH h _ ‘ (cu)
B = cos$ cosH - p'cosy sinm ~ . . o . “(C5)
C = sin§ - p'siny sinm = , (ce)

TM-413  mvv NATO UNCLASSIFIED
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arctan A/B . ' (C7)
arctan C/(A2 + B2) (cs)

corr

N

S
cory
where p' is the geocentric distance normalised to the major axis

and yis the geocentric latitude given by

. 1 .2 ' . T T
b= 297 sin ¢ (C9)
Yy = ¢ - 0.19 sin 2¢ (¢ in degrees)’ <« . = - (c10)

and T is the equatorial horizontal parallaX‘Sf the centre of the moon.

Then the elevation E and azimuth A are calculated in the_same

way as in Appendix A, buﬁ byﬁus;?%'qurrméyé.gcorrh%pftead of § and H.

HP 9100 B deésk calculator ﬁr%gram

User instructions » * - oiEt o T

Press: :.;?;e:,ENﬁfﬂf;aé A o

Enter Program: Side A followed by side B

Press: 4 END <

Press: CONTINUE

Display: li o O]

Enter: . ¢ (latitude in degs.) =7y

-#A (longitude in aégé.)lgvi‘(ﬁdgitive to
. .. . the east)

B

Press: CONTINUE

Display: . Lgﬁ 0 O|
Enter: . . . . ;Hﬁ;(hourg)“, >z,

H, (minutes).~y.

HY (seconds and fractional seconds) -+ x

Press: CONTINUE
Display: {3 RN SR
Enter: _ o (hours) =+ z :

o, (minutes) >y

o (seconds and fractional seconds) =+ x
o

TM-413 mvw  NATO' UNCLASSIFIED
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Press: CONTINUE
Display: [+ o o
Enter: Aao (seconds and fractional seconds) > x
Press: CONTINUE
Display: ‘5 0 OI
Enter: - 60 (cle‘_agrees)‘—> z

60 (min. of arc) >y

60 (seconds of arc and fract.) - x

Press: "~ CONTINUE

_ _Di§play: {b 0 Ol
Enter _ ASO (seconds of arc and fract.) - x
Press: CONTINUE
Display |7 0 0]
Enter: ' UT (hours) > z
UT (minutes) >y

UT (seconds and fract.) = x

Press: ' CONTINUE

Display: jEl 0 0|
Enter: T (degs.) > X

(T = horizontal parallax interpolated
to the nearest second of arc and
converted to degrees) ‘

Press: ' CONTINUE

PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

Display: Elevation = z
' Azimuth = 'y
0 or 360 -

same ~ different

different
. " hour. - hour ' - d%{ '
Press: GOTO Press: GOTO , Press: GOTO
+ - + +
n : 1 ' o 0
a 3 ' 7
CONTINUE CONTINUE CONTINUE
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Elevgtion and azimuth of the moon

8 HEWLETT- PACKARD

) HEWLETT: PACKARD

PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

ND HEWLETT- PACKARD

Olspiay Displey , Oieplay .
w |§=T7 714 =1 s | ] o R R
' diogdhy J21O) AcC uthe 1601 4 1232
4 loal 4t v bg Vo 4 o) gl arlacd ]l oy lag
: w___ 1) Y4 N2/} N _ !2 x <« 1£2%]7 v
; el - . , :3 - " L
4l ) 14 Y 114l e Ing
> . E'J R x sl
A sl N 73 W e 8 B PR Y
| et 1 — a5l
e { s
$ ‘ 2 o _o;q!ﬁ' e |1 1 + I3
SIP7 SISEN IC SS N A I S W N R/ M LT
S P Pl MLT% R L I IRX | IR E
- ]34 s PR R e T A
c 14l A s -. A ¢ |»
C [ Adlpsurtt fplog [LOY Ceenr| 208 ldopGy JOO] mo Jy
mo [ Yolpud dtoe | T 0E 6 L6k 61 ol 4 o a
P ‘ 2l v s
x< |62
£ 10 let E£g8 . Tu
? X_ 136 lag] o
L x~ |§3
17 9 |11
! + |32
1 245 1y
t e |14
| r |23
- RCL 61
ACCH63
m A Storege
In e
| ] & _ S
!
| -
', .
|
N
¥
‘%
, L
|

NATO UNCLASSIFIED,




PUBLICLY DISCLOSED - PDN(2022)0018 - MIS' EN LECTURE PUBLIQUE

) HEWLETY- PACKARD

O HEWLETT- PACKARD

38 HEWLEYT- PACKARD

() HEWLETT- PACKARD

NATO

_55_

UNCLASSIFIED

Azimuth and elevation of the moon

T&bi ¢ .
Oleplay . Dlspley . Oteplay
Blvw (3T 71| w (8§ x| y|s ' ww |3 y
AC¥Carn LU wol X 3 " 20L& lig
i RN E1IV W) Macetl ] 4e B
S T 2l 7 o 2l 2 I3
E N ﬁj & IR PIN ) IV T
'} W o Jlaudleated |18 o 132
- PR 7 W
188 o 4y 6l pam alzal 18] v o Jup
d % 4 7] sl l70) g Ug
q'? 03 '@x:‘&gn 're e 1%
2 e of . "l Bln biad (0
E A B3l 4 o 3] wo [zy
o 4 1 bl 3 lu Bl o 113
%g 0s Wl x L3 el ¢ |22
. R - A ety
308 £ foc o] — I3y R0y 2
&l B ED SL BRI SUFMLIM!
12} & i 2] ¢ l4g 2l xy]30
- 134 3]y 35 13 <162
o4 M7 4] ¢ Lde i | 8l 7> 14 _
‘st 4 ]33 Sty AR
O x< 47 18] e [ficoedton b 6l _a In
LA S UL I X 13¢Taud Mo 7] o |7
S+ [33 8l 6 |14 8] xCq138]
o 4~ [l 8l o R 8] o, |33
Lo s al 4 13 lal x J34]
W ene 120) B 6] o |In b ¢ (4]
ge 101 ¢ ;Cﬁ;_"ﬁ%?} :c?n
sToelH gl x 13¢ : 2 36
9 4 (3 310 xC v )30
2 %_:“:3?1
n 1
e %
8 7 [4s
o] 1 | T
7] x 13C
‘8] ¢ My
19 4 [F0
gl xcy i3]
&L 3¢
ig] Mo [1¥] ]
a3l
NATO UNCLASSIFIED

TM-413




- MIS EN LECTURE PUBLIQUE
) HEWLETT- PACKARD

D HEWLEYT- PACKARD

PDN(2022)0018

) HEWLETT- PACKARD

PUBLICLY DISCLOSED -

() HEWLETT: PACKARD

"NATO

UNCLASSIFIED
-56 -

Azimuth and elevation of the moon

Dispisy Displey
y [z | K| e ! sy =z x 3 x
Cl £ x¢uls) - L
= £1 P M _ "
1l 3 i3 _ 2
) R {0z ' » 13
o ¢ lpgl —
ﬁi 0 el 8
L] B £XY 8
!rr Refly 1241 . 4
8 42 {24 '8
%] e la )
Sl 2] ldoday | 1@
qﬁb ud o Lale ]
c ol clzade. ! ic
. A 2
40l o lov 10
,u/‘/ "’ + 3¢ t {1
jfﬁ[ldﬂuﬁL.!z Redt ¢134 A@I A | ig
a el 3+ Iaz A»a£“:§; 13
4] ¢ lug - “
S} gper 412 15
| - li¢ ' 6
I = bz 17
\ s '8
S+ I 9
@ 1 o : 'g
o ¢ jog A
s BESN EY ic
i /reT 72 y
!:' Storage
R ]
5 2t
HE |
P ]

T™M-413

NATO

UNCLASSIFIED




PUBLICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

~ Notes: -

NATO UNC L A S S IF I E D
_57_

APPENDIX D

FORTRAN PROGRAM ANTOFF

- Input data _
cc Format | - Description
n CARDS 1 —elS F 15.9 | E1: Set elevation angle in degrees
.(one card 16 - 30 |{F 15.9 | Al: Set azimuth angle in degrees
‘for,each 31 - 45 | F 15.9 | E2: Elevation angle of the star at
S ‘ - the instant of peak received
_measurement) Sy
e N ‘ power, in degrees.
46 - 60 | F 15.9 | A2: Azimuth angle of the star at
» the instant of peak received
power, in degrees
CARD nél 70} R1 | - & (indicates end of data set)
‘Makimum number of measurementsf 200

Several data sets can be inserted simultaneously

= E1 and A2 7 Al simultaneously is not permitted.

In this case calculate E, and A, for a time instant t
'which is different from “t by a negligibly small

" amount , say one second

»The’program

mlsallgnmen

standard de

LTM-413  mvv

1

-Oufgﬁt data -

reprints the input data and prints’the resulting
ts in elevatlon and azimuth with thelr associated

v1atlons (see sample prlnt-out below for SET-2).

NATO UNCLASSIFIED
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RROGRAM ANTOFF(INPUTOUTRUT, TAFEL=INRUT)

- TH]S PROGRAM CALCULATES THE QFPSET OF -THE BEAM CENTRE -QF AN -ANTEN®=
NA RELATIVE TO THE INDICATED bLEVATION AND AZIHUTH ANGLE BY MEANb
~OF BTELLAR -RADIO SOURCES, - - -~

INTEGER Y
COMMON W, E, A, RAD

DIMENSION E(2,200), A(2, aou».rt200>.x<2> ACC(R) W(632)
1 ,CAC200), CB(ZUU)oKMtZOU) f

READ INPUT VALUES

4 KN
l
[K 0 : S e o
5 | z |} L . R - . ST T e
6 READ 100, E(1,1).AC1,1),6(2,00,A(2,1),Y :
100 FORMAT (4F15,9,9X,R1)
IF (EOF(1)) 160o 10
10 GONTINYE: .
IF (Y,EQ, 1Re) GOTO 20
P-a E:(éoll) w B(1,1)
Q 5 A(2,]) = A(lol)
JK = 1K « 3 .
[F (P .NE, 0.).AND (Q NE U.)) bUTO 5
KN = KN « § :
KM{KN) 3 [K
GOTO 6
20 | & I=1

0
0

o n

PRINT INPUT VALUES

PRINT 114 ‘ .
110 FORMAT (1H1, 10x,-1NPUT VALUES'a//.JX ~1«,7x *E!l I)t.9X.'A(1ol)~.
1 9X.'E(25I)'.9X0*A(201)*J/3 ‘
PO 27 K=mi,l-
27 PRINT 120, K.E(i.K) A(i K)a h(Z.K).A(d.K)
120 FORMAT (1H ,13,2Xs4F15,9). _
IF (KN,EQ,0) GOTO 30
PO 28 K & 1, KN -
28 PRINT 122, KM(K) : .
122 FORMAT (1H0Q,8X,+*INPUT DATA CARWY NUMBER#.IS,* IS SKIPPhD BubAbbhr,
1 ~# THE DIFFERENCES IN BOTH ELEVATION AND AZIMUIH" ARE - Zkhﬂt) :
30 PRINT 121
121 FORMAT (1H1,10X,*0UTPUT*,///)

RAD = 3,1415926535898. / 180,

X(1)=0,
X(Z)’-‘O!
ACC(1)%0,0001
ACC(2)=0,0001

TM-413 NATO UNCLASSIFIED
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GALL. SSOMIN (]‘g,p,x,gcg,;oor;u,*gqu+wmmmwmmwnwmw””Wmm;wmwwumwwwwmwm

DEsX (1)
DA®X(2)

¢ CALCULATE STANDARD DEVIATION OF THE OBSERV"‘°9§WNUAM.HW.W_mwuuwmwﬂ;
vveg, '
DO 130 1,1
VVEYVeF (L) #F (L)

130 CONTINUE
SIG=SORT(VV/(I=2))

CALCULATE STD, DEVIATION UF THE MEAN OF THE VARFABLEY -~ oo

ASUM=0,

BSUM=0,

ABSUM=(,

DO 140 M=1,] _ _ _
PRE(2,M)mE(L,M) . . R
Qs (A(2,M)=A(1,M))*COS(E(LI M )tRAD)
CA{M)=P/SART(PeP»Q+Q)
CB(M):(-QISQRTtP-PoO'Q))-LOS(Etl.M)vRAD)
“ASUM=ASUM*CA(M)tCA(M)

BSUM=BSUM*CB(M)*CB(M)
ABSUMBABSUM*CA(M)'CB(M)

CONTINYE

ANOM= ASUM‘HSUM«ABSUH'ABSUM :

IF CANOM, EQ 04) 141,142

S1GE=0,

‘$1GB=0,
S GOTOD 143

142 SlGE= Slh'SQRT(BSUM/ANOM)
- SIGA=SIG*SQRT(ASUM/ANOM)
143 CONTINUE

i
-
-

-
»
FYS

RPRINT RESULTS

PRINT 150, DE;SIGE.DA,S]GA = - .
150 FORMAT (i ./;///oBXo:M!bALIGNHbNT IN ELtVATION :.,ru ;,- UEUHaEs._M

- - ¢5X,; wERROR ¢ ,F6,8,% DEGREESw;//) "~
2 bx.-ntSALxGNnENT iN AZlMUTH ‘ --.ra.a.t Deaaces'. B

EUBL?ICLY DISCLOSED - PDN(2022)0018 - MIS EN LECTURE PUBLIQUE

GOTO 4
160 CONTINUE

STOP
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31

33

34
35

i 3
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SUBROUTINE CALFUN (I,N,F, X2 "

- COMMON W, E, A, RAD

DIMENSION F(1), X(1), E(2a200)a A(2o200).N!6127
DE’x(l’ . . - : . e e e e e eme e,
DA°X(2) B T -‘;,‘--"."" PR Lo :
DO 35 M = 1, t
R’SGRT(Dt*DEt(DA*COS(E(l;MJtRAU))**2)

IF ((DA,EG,0,) (AND,(DEEW,04)) GOTO-31
GAMMA = ATANZ (DA*COS(E(loM)wRAD)aD&)
CONTINUE: :

P #8 E(2,M) = E(1,M) :

Q. (A(Z.M)-A(l.M))tCOS(ttlnﬂ)-HAD)

DI = SQRT (PeP » (Q2Q)

BETA # ATAN2 (G,P). L

IF ((DE,€G,0,),AND, (DA, tu 0 ) 35 34'"

F(M) u-Dl

GOTO 3%

F(M) = RtCOS(GAMHAnBETA) = Dl

CONTINYE

RETURN

END

SUBROUTINE SSOMIN(M,N,F,XsE,ESUALE, IPRINT,MAXFUN)

CDC 6400 LIBRARY ROUTINE E4 BKY
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INPUT VALYJES

SOV ~NOWV P WN =

E()sI)

16,202800000

18,601410000
20,880830000

28,172510000

- 27.,520950000

26,236620000
25,31288000%
24,503300000
23,540850000
22.,908980000

) 590036380000

56,506700000
54,00753000V
51,561570000
49,167300000
45 685680000
43,446220000
51,486610000
50,209540000
48 _890150000

47.533460000

46,144073000
40,338260000

1 38,841580000

37.,332600000
59,735550000
59,907370000
59,.,806770000
59,583040000
57,035030000
5R,226040000
59,195860000
54,986370000
57,109960009
16,326360000
14,110100000

oUTPUT

MISALIGNMENT IN ELFVATION

MISALIGNMENT IN AZIMUWH

TM-413

NATO

AlleT)

88,79343n000

C91.623140000
34, 494510000

332,792550000

334,03326n000

336,573220000
338,509970000
340,471950000
343,123R50000
345,137040000
306 ,199460000
305,36830n000

3N6,711150000 -

308,.2002L0000
3069,815240000
312,442140000
314,314170000
234 ,722910000
237,.743380000
240,638020000
243,416050000
246,086599000
25%.865090000
258,.1228900600
260.319940000
172.182429000
181,43068n000
186,055920000
190.,641660000
145,820950000
151,8914%90000
158.289500000
146 ,549080000
158,54832n0000
285,0184100090
2B7.807760000

u
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E(2+1)

16.335480000
184616460000

20893060000

2B.156080000

274484070000 -

264179300000
25,307240000
24493010000
234533490000
22903720000
59,059610000
56,522130000
54,034280000
51.559550000
49,185050000
45,683780000

43,455400000

51.488700000
S0.,198720000
48 ,887920000

47 .,528880000

464141732400

404325850000

38.621540000
37.307360000
59,732400000
59,907930000
59,808390000
59,586830000
57,022090000

58,.,213980000°

59,185430000

54,977890000

57.105270000
16306520000
14.105210000

7001 DEGREES

,009 DEGREES

UNCLASSIFIED

Al2e1)

88,812180000

91.642130000
94510600000
332.811580000

3344031160000 o

336,607430000

.338,522970000

340.498270000
3434140100000
345,155020000

304,186990000

305,356740000
308,201510000
312.443664000

3064695779000 - -~

309802700000 - e

314,306190000 - -

234,717760000

237,768010000 - -

240 ,642740000

26466,090955000
258.152570000
172.113530000

181,361160000
186.009810000

190,580900000 - -

145,761990000

158,209480000

1,4“;.5.1;.1,07.0.00.0.‘.

158,513460000

287,813960000

1]

ERROR

+V10 DEGREES

ERROR = +012 DEGREES |
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This memorandum describes a method of calibrating
precision read-out devices used for measuring, the elevation
and azimuth angles of a satellite ground terminal antenna.
Measurements of the positions of known radio sources are
made at arbitrary points along their trajectory; the antenna
misalignments are determined from a large number of measure-
ments by using a best-fit procedure. The sources considered
are the strongest radio stars, the sun and the moon.

The accuracy of the method is assessed both, by-estimating
the errors associated with the various measurement parameters,
and by determining the scatter of the measured results.

The method has been applied to the experimental ground
terminal SET-2 at the SHAPE Technical Centre. Within the
accuracy limits of 0.01° for each axis no misalignments could
be detected. B
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This memorandum describes a method of calibrating
precision read-out devices used for measuring,the elevation
and azimuth angles of a satellite ground terminal antenna.
Measurements of the positions of known radio sources are
made at arbitrary points along their trajectory; the antenna
misalignments are determined from a large number of measure-
ments by using a best-fit procedure. The sources considered
are the strongest radio stars, the sun and the moon.

The accuracy of the method is assessed both, by estimating
the errors agsociated with the various measurement parameters,
and by determining the scatter of the measured results.

The method has been applied to the experimental ground
terminal SET-2 at the SHAPE Technical Centre. Within the
accuracy limits of 0.01 for each axis no misalignments coul
be detected. .
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