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Abstract

The construction of a Ku-band radio interferometer and some preliminary obser-
vations are reported. The interferometer was built for the purpose of mapping some
discrete ratio sources: the Crab Nebula, Cas A, and Cyg A. The system contains
two 8 ft parabolic antennas and receives radiation at 17.128 GHz (1.75 cm). The
maximum baseline length of 100 m corresponds to a resolution of 35 seconds of arc.
A PDP-8 computer is incorporated in the system and used for pointing, tracking, delay
compensation, and real-time data analysis. The phase stability of the system was
found to be better than 10° over a period of 2 hours. Consistent fringe components
were obtained from the Crab Nebula with the baseline set at 8 m.
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I. INTRODUCTION

The need for better angular resolution at wavelengths shorter than 3 cm in radio
astronomical observations has been apparent for quite some time. For instance, our
knowledge of the physical processes that give rise to the radiation from the Crab
Nebulal’? and the planet Venusz"4 could be greatly enhanced by observations at 2 cm
with angular resolution better than 30 seconds of arc. With this problem in mind, the
present work was undertaken. The objective was to show that a coherent interferometer
can be built at 1. 75 cm and used for aperture synthesis. We have built a phase-stable
interferometer, thereby accomplishing the first part of our objective. Although con-
sistent fringes have been obtained from the Crab Nebula, no aperture synthesis has been
done. As well as the phase stability, we have also demonstrated the use of a small
computer (4 k memory) in the control of such functions as antenna pointing and tracking,
delay compensation, and real-time data processing.

In Section II, the theory of the earth-rotation synthesis, otherwise called "tracking
interferometer," is presented. This technique was first used with the 178-MHz
interferometer of Cambridge Universi1:y5’6 and has been treated by Zisk7 and by
Swenson and Mathur.8 A review of other existing and proposed instruments designed
for earth-rotation aperture synthesis has been given by Swenson.

In Section III the data-processing technique is explained. The technique that was used
is the least-square fit. A derivation is given of the interferometric signal-to-noise
ratio; in this derivation we have included the effects of the processing technique.

Section IV gives a concise but complete description of the system. We felt it was
necessary to give a thorough account of the equipment, since none of it existed at the
beginning of this project. Some parts of it, such as the analog multiplier and the over-
all interface concept, are novel. The phase-lock system idea was first used by
Alan E. E. Rogers in the OH interferometer between Haystack and Millstone at Lincoln
Laboratory, M. 1. T.10

were suggested by Donald E. Troxel of the Cognitive Information Processing Group of

The A-D conversion method, as well as some of the designs,

the Research Laboratory of Electronics. In general, this has been written with the
future users of the interferometer in mind, as well as any other reader who is inter-
ested in problems of interferometric design.

In section V we explain the software. We decided that a clear presentation of the
program is necessary because it is an important part of the sysfem, and also because
such a presentation would facilitate the addition of improvements by future users.

In Section VI we tabulate and interpret some of the data that were obtained from
Cygnus A, Cassiopeia A and the Crab Nebula (N. G. C. 1952, 1 M).

Finally, in Section VII modifications are suggested that will enable us to make a

complete aperture synthesis.



II. INTERFEROMETER THEORY

We shall now develop the theory of an interferometric system. The basic assump-
tions germane to the system and to the nature of the source to be studied are the fol-
lowing.

1. The sources are discrete ratio sources; that is, QS « ﬂB’ where SZS is the width

of the source and 2, is the beamwidth of the antennas.

B
2. The radiations from different points on the source are completely incoherent.

3. The antennas are continuously tracking the source.

Fig. 1. Simple interferometer.

FILTER

OUTPUT

-

A simple interferometer is shown in Fig. 1. The response of this interferom-

eter to a point monochromatic source is
v_= A cos ansine (1)
o N ’

The dependence of sin 6 on the source and baseline coordinates, as well as the

response of the interferometer to an extended polychromatic source, will be obtained.
2.1 SOURCE-BASELINE GEOMETRY

2.1.1 Spherical Triangle and Fringe Rate

Figure 2 shows the half of the celestial sphere that lies above the local horizon.

P is the north celestial pole, R is the radio source that is being observed, and (L, L')



are the points at which the baseline intersects the celestial sphere. For this interferom-
eter the baseline lies on the horizon. In specifying the baseline we shall use the NW

intersection point, L, for which HL = 9.75 h and DL = 42.36°.

RADIO SOURCE

EQUATOR

LOCAL HORIZON

Fig. 2. Celestial sphere.

The angle formed by the line OR and the plane perpendicular to the baseline at 0 is
called 6. Since, in this case, the baseline lies on the horizon, 8 is the angle formed
by OR and 0Z. The source, R, is specified by its hour angle, h, and declination &.

The angle p is called the position angle. It is measured counterclockwise from the
source hour circle PRT. The source-based orientation is such that North is toward
the top, West toward the right and East toward the left. Figure 3 shows this orienta-
tion, as well as the sense of p. According to this orientation the angle p shown in

—~Z

RADIO
SOURCE

Fig. 3. Source-based orientation.

Fig. 2 is negative. As a matter of fact, it will be negative for a source in the western
hemisphere and positive for a source in the eastern hemisphere.

For the spherical triangle LLPR we obtain



. . . b
sin 6 = sin 6 sin DL + cos & cos DL cos 13 (HL—h). (2)

Equation 2 can be expressed in terms of the sidereal time, t, by setting h = t - a. If the

expression for sin 6 (2) is substituted in (1), the output of the interferometer becomes

= d (g : Bl
vy = A cos L21r x (s1n6 sinD. + cos 6§ cos DL cos 15 (H+a-t)) jl

L

By expanding around to’ where t = to +t', we get

A L L 1

Vo = A cos |27 d [sin 6sinD_ + cosbcosD. cos 12 (H+a-to)

us . L
+ 12 t' cos 8§ cos DL sin (H+a—t):H. (3)

By studying (3), we can define the quantity fringe rate, R($, a, to):

2 d ox fringes
R(S, a,to) = 86400 X €°S 5 cos DL sin 7> (H+a—to) sS4 sec.” (4)

Therefore, over short intervals of time the output of the interferometer is a cosinus-
oidal function with a frequency given by Eq. 4. The fringe rate goes through zero when

HL= h.

2.1.2 Source Angular Coordinates and Projected Baseline Components

Let us consider an extended source as shown in Fig. 4. We can define the source-
based angular coordinates x and y in terms of the source hour angle and declination

(in radians):

x = (h~h ) cos &
o o

(5)

y 6—60.

SOURCE R

EQUATOR

LOCAL HORIZON

w

Fig. 4. Definition of angular source coordinates.



According to the source-based orientation defined here, positive x is toward the
right (W), and positive y is toward the top (N).

Figure 5 shows the region of the sky around the source, R, the center (ho, 60) of
which coincides with the center of the antenna beam. We also show the projection of the

baseline, (d/\) cos 0, on the source plane (x,y). The solid projection is used when our

ANTENNA PATTERN

x = (h-ho) cos 80

Fig. 5. Source-centered coordinates.

baseline is defined by the vector 0L in Fig. 2, and the dotted projection is used when
the baseline is defined by the vector OL'. As mentioned previously, the vector oL will
be used for our baseline. Then the components of the projected baseline in the western
and northern directions are

EW u=-d/\ cos 0 sin p

SN v = d/\ cos 8 cos p. (6)
By applying the laws of sine and cosine12 in the spherical triangle LLPR of Fig. 2, we
obtain

u=d/\ cos D sin (Hj -h)

v = d/\ [sin D, cos&-cosD; siné cos (HL-h)]. (7)

These projected baseline components are the angular frequency coordinates to which
the angular coordinates x, y transform. It can be demonstrated very simply by consid-
ering the point sources C and Q in Fig. 5. From Eq. 1 the interferometer response to
o d . oo d .
jem 3 sin 60 2w -x-sme

, and to Q it is VQ=ARee

Cis Vo = A Ree . If we now expand sin 6



around (ho, 60) and make use of (5) we obtain

sin © X + (8 sin 6 y
oh a6 )
(ho, 60) (ho, 50)

. s 1 3
81n9—s1n90+co560(

Recognizing that

1 9 sin 6 d sin 6
us=——= 55— and v =
cos & ah ) ( 06 ’
o thy. 8.) (b, 5,)
we have
d . d .
3, Sin 6 =-=sin @_ + ux + vy. (8)
Substituting (8) in the expression for VQ, we obtain
jemw d sin 6
v~=ARee A ° e‘]ZTF(LIX’I-V}').

Q

We can now recognize the expressions for Vo and v, as Fourier transforms in the

Q

u,v plane of impulse functions in the x,y plane, one at the origin and the other at (x, y).

2.2 INCIDENT RADIATION

Let us consider the source-receiver configuration shown in Fig. 6 which is actually
a different representation of the configuration on Fig. 4. The antenna is pointed in the
direction z which connects the origin of the receiving aperture with the center of the
source at (ho, 60). The electric field, &, on the plane of the aperture, because of radi-
ation originating at a point Q on the source, will then be a function of the direction

s

cosines cos ay cos ay, cos a, and time t; that is,

& = & (cos @y COSa s COSa,;t).

Since the dimension of the source is much smaller as compared with the distance R,

we may say that

1]
—

COS a

Z
CcOos (ZX = XQ
cos a =

y Y@

where XQ and yq are in radians. With these approximations the electric field
has the more convenient form & (x,y;t), where x and y are the angular coordi-

nates on the source.




SOURCE

RECEIVING APERTURE

Fig. 6. Source receiver configuration.

If we now define the temporal Fourier transform of the electric field

-j2mvt

_ [¢e]
Ex,y;v) = g E(x,y:t) e dt, (9)

then, as has been .~3hown,11 the intensity of radiation (I{x,y;v) at the receiving site is

I(x,y;v):%/—ﬁ—-lﬁ(x,y;v)lz. (10)

The units of I(x, y;v) are W/Hz- mz-ster. The radiation intensity is related to the bright-

ness temperature distribution of the source by

2kT 5(x, y)
I(x,y;V)=——)\—2———- (11)

The output of the antenna expressed in units of power/Hz isl3’ 14



1 v L]
kT, =+ SS I(x, y;v) Alx_ -x, y -y) dxdy, (12)

where A is the effective area of the antenna and is related to the power of the

antenna by

G == A_. (13}

In writing (12) we have not included the effects of the atmosphere. Calculattions15
show that at our signal frequency of 17 GHz the atmospheric attenuation on an average

day (szo= 1 g/cm3) is 0. 06 dB and the emission temperature approximately 5°K. These

numbers change drastically on cloudy or rainy days.16 For observations taken on good
days the atmospheric attenuation will be negligible. The atmospheric emission received
by two spatially separated antennas is uncorrelated; therefore, it does not have to be
included in the interferometer equations.

By making use of basic assumption 1, we can simplify (12) to

kT

n

1
A3 Ao SS I(x, y;v) dxdy ‘
(14)
=1
kTA— > AOS(v),

where S(v) is the source flux defined by

S(v) = S‘S. I(x, y; v) dxdy. (15)

Equation 14 gives us the output of a total-power radiometer. In interferometry,
however, we are interested in the voltage output of the antenna. To get an expression
for the voltage output, we made use of the electric field spectrum given in (9) and the

antenna voltage gain given by

GV=VGP=¥VK‘. (16)

[}

Then, by making use of assumption 1, we can get an expression for the voltage output

of the antenna

Va(v) =KG, SS E(x, y; v) dxdy, (17)
where
1/4
- (£ -
K = (4“) = (18)




2.3 RESPONSE OF A WIDEBAND INTERFEROMETER TO
AN EXTENDED SOURCE

In Fig. 7 the signals at the different points of the interferometer are defined.

VO(T)

Fig. 7. Interferometer signals.
From Eq. 17 we can write expressions for the voltages Val(v) and Vaz(v):

Val(v) = KG_ S'S. EI(X’ y; v) dxdy (19a)

V,, ) = KG, SX E, (x, y; v) dxdy. (19b)

Since the incident field arrives at antenna 1 -Cél- sin 6 s later than it does at antenna 2,

we can relate El (x, y;v) and EZ (x, y;v) by
El(x, yiv) = Ez(x, y;v) exp(—jZTrv % sinG). (20)

Use of (20) will be made later.



After mixing, the signals become

_ _ —jrrth
"y -
Vi (v)=V_ (v) e (21a)
1 1
— _ -jTrth
' -
Vbz(v )= Vaz(v) e , (21Db)
where v' is the IF frequency v' = v - vy
If the IF filter-amplifiers have identical frequency responses H(v'), then
Vc (v') = x_/b v") Hp") (22a)
1 1
V_ (wh=V,_ (v') Hv). (22b)
c b
2 2
Finally the output of the crosscorrelator, vo(-r), is
v (1) = Re {lim == ! v @+T) v (1) dt (23)
o Teeoo 2T -T < c, ’
where
Vcl(t+‘r) = g Vcl(v'l) exp[j21rv'1(t+‘r)] dv} (24a)
* —k
vcz (t) = g ch (v'z) exp(—jZﬂvét) dv'z. (24b)
If we now substitute Egs. 24, 22, and 21 in Eq. 23, we obtain
(1) = K2GZ Re { lim 5= ! dtgd 'de- V. vV )
VolT! = v 2T Y] 27a,;" 1" "a, V2
T =0 =T 1 2
X -ITI.(V*I) ﬁ*(v'z) exp[—jZTrt(v'z—v'l)] eXp(j21rv'l'r)} . (25a)
By using the fact that
T —j21rt(v'2-v'l)
lim 5% g dt = §(vi-v'),
oo 2T J_ 27"1
(25a) becomes
- = =¥ = 2 jewv'T
vo(T) = K°G Re {S Val(v) Vaz(v)| H(v')|“ e dv'}. (25b)

If we now use Eqgs. 19, 20, and assumption 2, we obtain

10




— _ . .
vo(T) = KZGp Re {S‘ av' S"S‘dxdy IE(X» y;V)lz exp(—jZTrv %‘sin 9) IH(V')]2 eJZ"v T} .

(25c)

From Eqgs. 10, 13, and 18 we have
26 |E oyl2 =L .
K Gp]E(x, yin)|© =3 A I(x, y;v),

where the factor 1/2 accounts for the fact that we receive only one polarization. Then
(25¢c) becomes

vo('r) = %Ao Re {S‘ dv! S‘gdxdy I(x,y;V)I ﬁ(v')|2 exp(=j2mv %sj.n e) erw'T} .

(26)

The geometrical delay((—j:- sin 6 is next expanded around ho’ 60. The result of this

expansion is given by Eq. 8. By substituting (8) in (26), we get
v (t) =3 A_Re {S dv' gdxdy I(x, y;v) e 12T (0x+VY)

— 3 1
X exp(—jZTrv %sineo) |Hwv 2 2™ T}. (27)

Recognizing that I(x, y;v) e‘jZTf(UX+Vy)

of H(v'), (27) is simplified to

is effectively constant over the passband, B,

— 3 t
v, (T =% A Re {de' IH(v')I2 2T exp(—jva %sin 60)

X S‘yl(x, y;vo) e-jZTr(ux+vy) dxdy} , (28)

where Yo is the mean frequency at which the radiation is received.
By means of Eq. 11, we can rewrite (28) as

1 2k =1 2 _jewv! . d .
vo(-r) =3 AO—2 Re {g dv' |H(v')| ™' T exp(—JZTrv < smeo)
o

N
=j2w (ux+vy)
X TB(x,y)e dxdy ¢ . (29)
Equation 29 indicates that VO(T) is proportional to the Fourier transform of
17

the source brightness temperature distribution TB(x,y). The angular frequency
coordinates of the transform plane are the parameters u and v defined in Eq. 7.
The normalized Fourier transform of TB(x, y) is called fringe visibility and is

defined by

11



— II TB(X, y) e-jZTr(ux+vy) dxdy
Vu, v) =

(30)
I Tg(x, y) dxdy
By substituting (11), (15), and (30) in (29), the correlator output, vo(r), becomes

1 = = 2 j2my! . .
vo(-r) =5 AOS Re {V(u, v) S |H(v')| ™' T exp(—JZwv%sm 90> dv' . 31)

We now proceed to solve the bandpass integral for the SSB and DSB cases.
(a) SSB Receiver

The bandpass characteristic for this case is illustrated by the following diagram.

Py

1 ()2
]_._

v v'

Here, VL is the local-oscillator frequency, and ViF = Vo T VL is the center intermediate
frequency.

After making the appropriate substitutions and carrying out the integration, the
bandpass integral becomes

B/2

, d . $i . d .
exp(-j2mv. =sin® ) g exp ]Zﬂv'(-r-—sme ) dv'
SSB Lec o vIF-B/z c o

-
"

sin B ‘r—-(-i—sine )
c o
=B

. d . . d .
exp[—]Z'rrv —sin@ _+j2wv (‘r- —sin® )]
d . ) Lec o IF c o
m™B(T-==5sin6
c o

Substituting ISSB in Eq. 31, we obtain

sin TB(T - d sin®© )
1 c o
v(T) = 5 AOSB

= d .
p IV(u, v)l cos Zv[vo z sin 8,-vipTte(u, v)}, (32)
B(r-Ssino,)

where we have written V(u, v) in terms of its amplitude and phase:

12




V(u, V) = | V(u, V)l e_j¢(u’ V). (33)

(b) DSB Receiver

The bandpass characteristic for this case is illustrated by the following diagram.

b IH ()2
14
le— B —
} - —-
“Vir YIF v

Here, as before, v' =v - Vi, and Vie = Vo T VL with Vo the mean frequency in the upper
sideband. For this configuration the bandpass integral, IDSB’ from Eq. 31, can be

written

sin 1TB(‘T - gsine )
c o

_ . d _. . _d _.
IDSB = exp JZva o sin 60) eXp[ JZTTVIF T3 s1n90) B p
TrB(T- = sin 90)

sin n'B(-r- 4 sin® )
c o

. d .
+ eXp[JZTTVIF(T— < sin 60>] B p
TrB('r- - sin 0 )
c o

Simplifying further, we obtain
sin 7B T—g sin® )
c o

_ d _. ) . d _.
IDSB =2B p cos ZvaF(T c sin 90) exp( JZTTVL o sin 60).
nB(-r— ’ sin 90>

in (31), we obtain

Substituting IDSB

sin nB(-r— d sin @ )
c (o}

_ d .
vy (t) = AOSB cos ZvaF (-r - ¢ sin 60>

'n'B(T _4d sin® )
C (o]

X lV(u, v)l cos Zw[vL%sin 90+¢(u, v):]. (34)

13




Equations 32 and 34 will be discussed in more detail in section 3. 2.
2.4 FRINGE VISIBILITY PLANE AND APERTURE SYNTHESIS
2.4.1 Locus of Fringe Visibility Points for a Tracking Interferometer

We have established that the output of the interferometer is proportional to the fringe
visibility V(u, v) which is the normalized Fourier transform of TB(x, y). Therefore, by
measuring V(u, v) at a sufficient number of points, the brightness temperature distribu-
tion TB(x, y) can be reconstructed. For a tracking interferometer the samples of V(u,v)
taken with a fixed baseline length lie on an ellipse in the u-v plane. This can be shown

by eliminating the variable parameter H-h in Eq. 7. Then the equation of the locus is

2 (v—vo)z

u —
—2+ '——2————- 1.
a b

This is indeed the equation of an ellipse, with

u semiaxis a=d/\x cos D

L
(35)
v semiaxis b = d/\ cos D; sin$
and center (0, vo) = (0,d/x sinD| cos§).

By changing the spacing of the antennas, we obtain several ellipses and thereby fill
up the u-v plane. According to the sampling theorem the samples of V(u, v) need not
be taken any closer than

Au, Av <

2X 7 2Y
c c

where Xc and YC are the maximum dimensions of the source.
A rough estimate of the number of points that are needed to reconstruct TB(X, y) is

A
max . MaxX = gince U =V = d/\, we have
Au Av max max

given by N =
N = 4d/\)% X Y. (36)

Actually, half of these points are redundant because V(u,v) = V(-u, -=v); this is a prop-

erty of the Fourier transforms of real functions like TB (x, y).
2.4.2 Accessible Part of the Locus

The section of the u-v plane ellipse that can be mapped is called "accessible." There
is a limitation because the source is above the horizon only part of the day. A good dis-
cussion of this problem has been given by Zisk.7 Our approach will be to determine the
accessible part of the locus by finding the (u, v) coordinates for three positions of the

14




source that are above the horizon. These positions are the rise, the set, and the 0h

positions. Figure 8 shows the source at the rise, R, and set, R', positions. To

EQUATOR

Fig. 8. Spherical triangles for the rise and set positions of the source.

compute (u, v) at these positions we have to find hs and hr’ These angles can be found
by solving spherical triangleslz ZPR and ZPR':
sin ¢ sin 6
cos hS ST (37)
’ cos ¢ cos 6

If >0, then 90 < hS < 180° and 180 < hr <270°. If §< 0, then 0< hs < 90° and
270 < hr < 360°.

We shall now find the accessible locus for two declinations: 6 = 22°, which is the
declination of the Crab Nebula, and 6§ = -10°, which is close to the declination of some
interesting Southern Sky sources that are like the Orion Nebula.

To find the accessible locus we shall use Egs. 7, 35, and 37. The values
of the baseline parameters are HL = 146°, D, = 42°, d=2000 \. The latitude, ¢,

L
is 42°.

1. &=22°
h_=250°, h_=110°
r 5]

a = 1500, b = 500, Vo T 1240

(1, v)/0% = (835, 1700)
(u, v)/hr = (-1435, 1390)
(u, v)/hS = (875, 788).

This locus is shown in Fig. 9a.

15



2, &6=-10

h =279°, h_ = 81°
r S

a = 1500, b = 256, v0 = 1320

(u, v)/0™ = (835, 1107)

(u, v)/hr (-1180, 1145)

(1345, 1427).

(u, V)/hS

This locus is shown in Fig. 9b.
In Fig. 9 we have drawn the lines joining the origin with the rise and set points.

The position angles Pg and p, are equal and negative to each other. To show this, we

1500

RISE

500 1000 1500

(b)

Fig. 9. u-v plane loci. (a) 6§ = 22°. (b) 6 = -10.

16




solve triangles ZPR and ZPR' of Fig. 8. Then we obtain

sin ¢
SN Py = cos &
sin ¢
SIMPs= " Cos 6 (38)

17




III. INTERFEROMETER OUTPUT AND DATA ANALYSIS

The interferometer equations obtained in Section II will now be applied to the Ku-band
interferometer. The interferometer is composed of two 8-ft dishes with a possible sepa-
ration range of 10-100 m. The local-oscillator frequency is 17.128 GHz, corresponding to
a wavelength of 1.75 cm. The radiation is mixed down to a 60-MHz intermediate fre-
quency, by means of a double-sideband heterodyne receiver. The IF bandwidth is 20 MHz.

3.1 SIGNAL AND NOISE LEVELS
The antenna temperature can be obtained from Eq. 14.

A S

e}

-1
Tao=3

’

>

where Ao is the effective dish area corresponding to a dish efficiency of 35%; therefore,
Ao =1.9 mz. The efficiency is lower than expected. This can be attributed mainly to
two factors: (a) there is some uncertainty about the focusing; and (b) the primary pat-
tern is such that there is an excessive amount of spillover.

The noise temperature, TR’ of the receiver is approximately 1600°K. The rms

noise at the output of the second detector is given by

T
AT = R (39)

7

where B is the IF bandwidth, and 7 is the integration time of the second detector. For

an integration time of 3 minutes, the rms noise is:

ATrms = 0.025°K.

Table 1. Antenna temperatures, signal-to-noise ratios.
(A =1.9 mz, T _,=1600°K, B=20 MHz, 'r=3m, AT =0. 025°K.)
o rms

R
Source Flux Units T,°K S/N
at 17 GHz

Crab

Nebula 420 0.29 11.5
CAS A 320 0.22 8.5
CYG A 80 0. 055 2
3C273 40 0.028 1

Table 1 lists the antenna temperatures and signal-to-noise ratios for four interesting
radio sources: Crab Nebula, Cas A, Cyg A, and 3C273.
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3.2 DELAY COMPENSATION

3.2.1 SSB Receiver

Equation 32 gives us the output of the interferometer for an SSB system:

sin TI'B(T— d sin © )
c o

-1
Vo(-r) =3 AOBS

B T-g sin © )
c o
— J

v

Bandpass Envelope

d .
I V(u, v)i cos 2m [vo o sin eg-VIFT+ é(u, v)]

(.

~—
Fringes

By studying Eq. 32, we can draw the following conclusions:

1. The bandpass envelope will wipe out the fringes unless we compensate in the IF

strip so that
d .
TmB({T-~- = sme) « 1. (40a)

2. Any phase changes in the IF will appear as a phase error in the fringes.
From (40a) we can compute the maximum change in the geometric delay, T, that can

be tolerated:

AT = %cos 0AD « -ﬂl—B. (40D)
For a bandwidth of 20 MHz, AT is 6 ns.

As long as condition (40a) is satisfied, the fringes are always under the peak of the
envelope. These fringes are called "white fringes."

The time intervals at which one should compensate can be found from the inequal-
ity (40b).

21 At
"B 37 3600

cos 6 « 1,

where At is the time interval at which we should compensate.
For our baseline orientation we may assume that the maximum value of cos 6 is
equal to 1/2. Then

¢ 86400

d TTZB

At «

(41)

3.2.2 DSB System

The interferometer output for a DSB system is given by Eq. 34.
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sin 7B(7- S sino )
[¢] (o]

v (t)=A SB
o fo) d
nB(T—-sinG )

c o

d _. d .
X cos ZvaF(T— ¢ sin 90> |V(u, v)| cos Zv[vL G sin® _+ $(u, v)}.
- J — J

N Y
Envelope Fringes

The conclusions that we draw from Eq. 34 are the following.

1. The amount of compensation and the rate at which we must compensate depends
on the center IF frequency, ViE and not on the IF bandwidth as in the SSB case.

2. Phase changes in the IF strip cancel out and do not appear as phase errors in
the fringes.

In a way similar to that of the SSB system we can compute the maximum change in
the geometrical delay that can be tolerated and the time intervals at which we should

compensate. These are

AT K T

IF
and

at« S 86400 (42)
2w ViF
In Table 2 we give the compensation intervals for the case of the longest baseline
which is 100 m. The inequalities are converted to equalities by multiplying the right-

hand side of inequalities (41) and (42) by 1/5.

Table 2. Compensation intervals.
(A\=1.75 cm, d=100 m, B=20 MHz, vIF=6O MHz.)

Basic Compensation Minimum Compensation
Case Delay, AT(ns) Intervals (min)
SSB 6 4
DSB 1 0.7

Although the compensation rates are smaller in an SSB system, we decided in favor
of a DSB for the following reasons: (i) simpler front end; (ii) signal-to-noise ratio bet-
ter by 3 dB for the broadband mixer that wé are using; (iii) IF phase changes do not
produce an error in the phase of fringes; and (iv) the use of a small computer to control
the system makes it possible to compensate at high rates.

A basic amount of compensation delay of 1. 25 ns and a fixed compensation interval

20




of 1 min were chosen. The maximum compensation delay needed is equal to the sepa-
ration distance of the two antennas. For the maximum spacing of 100 m the required
compensation delay is 330 ns. This delay is generated digitally by using the 1.25 ns
delay as the basic unit. Then the other delays are 2.5, 5, 10, 20, 40, 80, and 160 ns.
We shall now describe the way in which the digital delay is computed and inserted.
At the end of each 1-min compensation interval, the program computes %— sin 6 and then
divides it by the basic delay of 1.25 ns. The result is an 8-bit binary number; the high-
order bit controls the 160-ns delay, and so on. If sin 6 is positive, the delay is inserted
in the IF signal path of the northern antenna and vice versa. The reason for this is the
convention that was adopted (see Section II) according to which the baseline is specified
by its northwest intersection, L, with the celestial sphere.
The implementation of the delay compensation will be explained further in sec-

tions 4. 4 and 5. 26.

3.3 DATA PROCESSING

As we have mentioned, the interferometer output, over short intervals of time, is
a sinusoid the frequency of which is given by Eq. 4. This sinusoid is buried in the sys-
tem noise; its amplitude and phase are detected by a real-time least-squares fit pro-
cessing.

The output of the correlator is sampled every 0.2 s which is sufficiently smaller than
the minimum fringe period of 2 s; this period occurs at the longest baseline spacing.
The sample is then converted into a 10-bit digital number which is transferred into the
computer. The program knows the exact time at which the sample was accepted and
proceeds to the real-time processing. Let us call the sample taken at time ti’ ¥ Then
the least-squares fit detection demands that

N

. 2
€ = i=21 (yi—a1 cos Y;-a, sin yi) (43)

be a minimum, where N is the number of samples taken in the integration interval

Y. = Zn% sin 6 (44)

i i’

and a;,a, are the in-phase and quadrature components related to the fringe amplitude

and phase by

a cosyi+a

1

. _ d .
5 Siny, = A(u, v) cos [Zw ~ Sin 6i+ o (u, v):l. (45)

Then

A(u, v) = a? + a (46)

and
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-1%2
é(u, v) = -tan = — (47)
|
We can now solve for ay and a, from Eq. 43 by setting
9€ o€
= =0, = = 0.
8a1 aaz
Solving these two equations, we obtain
N N N N 2
Z y.cosy.,- % y.siny, Z cosy, siny, Z sin” v,
i i i Yl i, i i . i
_i=1 i=1 i=1 i=1
a, = (48)
1 N 5
2 cos Y.
. i
i=1
N N N N 2
Z y.siny, - Z y.cosy., Z cosy, siny, Z cos Y.
- i i TV i, i i . i
a = i=1 i=1 i=1 i=1 (49)
2" N ’

b sin2 Y
- i
i=1
Therefore, after each integration cycle we have obtained a point in the u, v
plane. The spacing between successive points in the (u, v) plane need not be any

closer than

1 1
Au SZ}?— and Av SZY . (50)
e c
By means of inequality (50) we can calculate the maximum time interval over
which we are allowed to integrate without violating the sampling theorem. From

Eq. 7, after expanding in time, we have

_d_2w
(Au)max =5 At, (51)

where At is in sidereal seconds. Combining Eqgs. 51 and 50, we obtain

86400
(At S . (52)

In Table 3 we list the maximum integration times for different baseline lengths

and for X. = 5 minutes of arc, which is typical of the width of the Crab Nebula
and Cas A.

3.4 SIGNAL-TO-NOISE RATIO ANALYSIS -

We shall obtain an expression of the signal-to-noise ratio for the fringe com-

ponents (al,az) and for the brightness temperature distribution TB(x, y). The
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Table 3.

Maximum integration times for different baseline lengths.

{(\=1.75 cm, XC=5 minutes of arc.)

Baseline Maximum
Length, d d/x Integration Time

(m) (min)

10 570 90

20 1140 45

30 1710 30

40 2280 25

50 2850 16

100 5700 8

steps involved are shown in Fig. 10. We have assumed that the multiplier is ideal;

the output of the filter can be expressed as

Fig.

kAt

x(t) y(t) dt, (53)

(k-1)At

1
vo(kAt) T At S.
x(t) y(t)
MULTIPLIER

FILTER

vo(

kAt)

LEAST - SQUARES
FIT

%1%

FOURIER
INVERSION

Tp (xry)

10. Processing sequence.

where At is the sampling interval, and the index k
varies from 0 to N. N is the ratio of T/At when T
is the total integration time. The fringe components
a;,a, are given by Egs. 48 and 49. These equations
can be simplified if we neglect the second-order

terms. Then ap a, have the form

N
Z v (t,)cos vy
k=1 o'k k
1 N >
Z cos Yy
k=1

©
1

(54)

N

? vo(tk) sin v,

a, = k=1 55

2 - N . ( )
. 2

2 sin Yk

k=1

The inputs x(t) and y(t) can be written as the

sum of the coherent signal and the noise signal:
x(t) = sl(t) + nl(t)

(56)
y{t) = s, (t) + n,(t).
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Both s(t) and n(t) are narrow-band Gaussian processes; any narrow-band Gaussian pro-

cess can be expressed in the form18

f(t) = F(t) cos [wct+¢(t)], (57)

where F(t) has a Rayleigh probability density, and ¢(t) is uniformly distributed. With
these definitions in mind we can now write the general expressions for sl(t) and sz(t):

s, (t) = A, (t) cos [w tt+a(t)]

(58)
S, (t) = A, (t) cos [wct+a(t)+¢],

where ¢ is the phase resulting from the RF delay.

Let us now consider the case in which the output of the filter is sampled every
At second and the total integration time is T.

If we now substitute in Eq. 53 the expressions for x(t) and y(t) as given in (56), we

obtain
vokAt) =S+ Nj| + N, + N, (59)
where
1 (kat
Sy = At S(k_l)m s, (t) s, (t) dt (60a)
1 (kat
N = At (1At s, (t) n, (t) dt (60b)
1 kAt
N, = o g(k_lw s, (t) n, (1) dt (60c)
1 kAt
Ny, = g(k_l)m n)(0) n, () dt. (60d)
Our objective is to compute the rms noise components o and T - These

1 2
noise terms are equal. Therefore it suffices to evaluate one of them only. By

means of Eqgs. 59 and 60 we can write a; from (54) as

N
k=21 (Sk+N1k+N2k+N3k) cos Y
a; = N > '
Z, cos Yy
k=1
N 2 1 T
where N = T/At. Since = cos” vy, == —, we have
o kK~ 2 At




N
k=zl (Sk+N1k+N2k+N3k) COS Yy
1 1T o
2 At
The exact expression for Sk’ under the assumption of a DSB system, is given in

For the case of white fringes we can write

Eq. 34.
(62)

- d .
Sk = AOSBi V(u, v)l cos [Zv . Sin 6k+¢].

Then
(63)

2 s cosy =tIna SB| V| cos ¢
w1 k% kT2 At '

Substituting (63) in (61), we have
(64)

a = AOSB|V| cos ¢ + N,

where N is the sum of the three noise terms:

N
z le cos Yy
(65a)

k=1
17T
2 At .

N. =

N
b2 NZk COS Yy
(65Db)

=1

Z At

N
= N3k cos Yk
(65c)

_ k=1

|-

1
2

Then the variance of a, is

(66)

By using (65a), we can write the expression for the variance of N1
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N
kzj E(Nlk 1 .) cos Yy cOs yJ

2 _
N
(z &

N
2 2
z E<N1k> Cos Yy

k=1
(z ar

2

Ny

= T -
At

g

o

(67)

[\

le is a zero-mean random variable and is given by Eq. 60b; it is the averaged
product of two Gaussian processes each with a rectangular spectrum of bandwidth B.

By means of the sampling theorem we can write

2AtB
s, (t)= = s.y, (t)
1 i=1 N2B 1
(68)
2AtB
n{t)ys Z n.y.(t).
i=1 N2B !
Then (60b) becomes
1 2AtB
Nig=zBat .= Si%
i=1
and the variance of le can be written
2 1 2AtB
o =———-7 Z s.8, E(n.n,)
Nk @Bay? 4,0 LT
o’ 2atB
= ——LE Z Si
(2BAt) i=1
Ui At 2
=— 5 s (t) dt.
2B(At)
The variance, 6121, of the noise at the input of the multiplier is given by
2=kT,B (69)
n R ™

where k is Boltzmann's constant.

The signal power is given by
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(e 2(tydt = + A SB 70
At 0 s () T2 et (70)
If we substitute (69) and (70) in the expression for 012\1 , we obtain
1k
1k
Substituting (71) in (67), we obtain
Uz i kTRBAOS
N 2T :
1
Since AOS = szA, 0'%\11 becomes
K>T_T,B
0—2 = .____R_.A_. (72)
N T :

In a manner similar to that for the evaluation of GZN we can compute the variance
1

2
2 N;
N,TTT
2 At

2
kAt
1
E<{— n, (t) n, (t) dt
{At g(k_l) 1\b 0y }

1
2

q
~

&=

2 2Bat 2

1 1
(At) E ? 2B M1i%2

B[

1
2

| 2Bat
2802 fj E(n nin,m,.)

L
A

2BAt
—1—2 > E(n?i) E(ng)
(2BAt)®  i=1 !

Nlo-l
o+

I
At

N |t
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1 2
.2 _zBat KTRD)
N,TT I T
N
(kTp)* B
-— R 73)
T {
Combining (66), (72), and (73), we obtain
2 kB 2
o2 =8B (e preTh). (74)

1

Usually we speak in terms of the fringe amplitude and phase that are defined by
Eqgs. 46 and 47,

2 2 2
A —al+a2
a

= =tan 1—2—.
a

1

The variance of A can be calculated easily if we make two reasonable assumptions:

(i) that the noise components of a, and a, are Gaussian by the strength of the Central

1

Limit theoremls, and (ii) that El'/cra is sufficiently greater than 1, which is true for
1

the sources that we plan to observe. Using these two assumptions, we can show18 that

the probability density of A is approximately Gaussian with the same variance as a, and

a,. Then the expression for the rms deviations in A is given by

2
—k/E(T2+2T T ) 75
TAT T \'r™1Rr'A/" (75)

The signal component of A is AOSBIVI; therefore, by means of Egqs. 14 and 75, we

can get the signal-to-noise ratio for the fringe amplitude:

(-E—I)A = ZTAlVI ——“TQI—TT
A 2TRTA* TR

Since T, » T ,, <—S—> becomes
A N A

R
§) =27, |v| XBE, (76)
(NA A Th

The phase variations can be obtained by differentiating Eq. 47.

alAaz - aZAa1
> .
al + a2

A= -

Then the phase variance is

28




2 oL
s0=Z 2
and
1 TR

o = . (77)
A® VBT T, |Vl

In Table 4 we list the computed signal-to-noise ratios and rms phase, with the fringe
visibility amplitude as a parameter, for 4 different sources. We have used the antenna

temperatures calculated in Table 1.

Table 4. Fringe amplitude signal-to-noise ratios and rms phase.
(TR=1600°K, B=20 MHz, T=3 min.)

Crab Nebula CAS A CYG A 3273
VI | /Ny | op | B/My | opy | 8/My | apy | 8/Ny | 0u,
(rad)
1 22 3° 17 4° 4.5 15° 1.5 30°
0.5 11 6° 8 8° 2.0 30°
0.25 5.5 12° 4 16° 1.0 60°
*3C273 is not resolved; therefore, IVl = 1 always.

The signal-to-noise ratio is improved when the fringe visibility is inverted to obtain
the source brightness distribution TB(x, y). To show this, let us consider the simple
case of a one-dimensional temperature distribution TB(X). Then

d/\ .
T (x)=b S [a, ()+ia, ()] eI2™ gy, (78)
B 1 2
-d/\
where b is a normalization constant.

The variance of TB(x) is given by

o

ZTB = E[T 4, (x)-T )]

Making use of (78) and subtracting the mean, _'g(x), we obtain

U%‘B = b2 SS dudu' E[Aal(u)Aa1 (w)+Aa, (u)aa, @] J2T(u-utx
d/x
- .S‘ du {E[aa (w? + E[aa, ]’}
-d
= sz O'Z %, (79)




where UZ is given by Eq. 75.
We can now express the signal-to-noise ratio for TB(X) as
Tx(x)

/Ny =5

Ty

g gl .
NI Y-dn A '

For a point source Eq. 80 becomes

(S/N)TB = Nd/ (S/N)A,

where (S/N)A is the signal-to-noise ratio for the amplitude of each individual fringe
vector.

In the discrete case d/\ corresponds to the number of points, N, in the u-v plane
for which fringe vectors were measured. Thus, after inversion, the signal-to-noise

ratio for a point source becomes

(S/N)TB = NN (S/N) ,- (81)




IV. Ku-BAND INTERFEROMETER SYSTEM

4.1 ANTENNAS

The antennas are shown in Fig. 11. They are 8-ft dishes on equatorial mounts
driven by stepping motors. At the present time, we have no indication whether the
motor advances by a step each time a stepping pulse is sent by the computer. We know,
however, that had the motor missed 10-20 pulses in the course of an observation the
antennas would not return to their index position. The fact that they always do return
indicates that no pulses are missed. At the operating frequency of 17.128 GHz the
beamwidth is 30 minutes of arc. The pointing of the dishes was determined by computer-
controlled sun scans; the pointing accuracy is within +1 minute of arc. The efficiency

of the dishes was estimated to be approximately 35%.

4.2 RADIOMETER

A picture of the radiometer is shown in Fig. 12 and its schematic in Fig. 13. A
small amount of Dicke-switched noise, approximately 5°K, is injected in series with
the signal. This noise signal is then detected by a synchronous detector and used as
a continuous monitor of the gain stability of the system. More will be said about this
concurrent calibration scheme.

The double-sideband noise figure, F, of the system was found to be 8 dB, and the
noise temperature, TR’ is 1600°K.

The center intermediate frequency is 60 MHz and the IF bandwidth is 20 MHz. The
two sidebands of each radiometer were studied by connecting a Ku-band sweeper at the
input of the radiometer and observing the detected output of the IF amplifier. The

results are shown in Fig. 14 for radiometers No. 1 and No. 2.

4.3 PHASE-LOCK SYSTEM

The local oscillators of the two radiometers must be phase-locked to a common
stable frequency in order to preserve the coherence of the input RF signals. Figure 15
shows the complete phase-lock system for this interferometer. The two synchronizing
frequencies are 28 MHz and 300 MHz; the 28-MHz frequency is generated from a
1-MHz Selzar oscillator and the 300-MHz frequency from a 100- MHz crystal oscillator.
The schematic diagrams of the comb generators are shown in Appendix A.

The two synchronizing frequencies are then sent, as shown ih Fig. 15, to the antenna
sites where they are demultiplexed. The 57th harmonic of the 300 MHz frequency is
mixed with the 17. 128 GHz local oscillator, thereby producing a difference frequency
of 28 MHz. The difference is then compared with the reference 28 MHz frequency by
means of the phase comparator; the output of the phase comparator is used to adjust
the klystron reflector voltage, which completes the feedback loop.

The stability of the local oscillator is determined by the stability of the 300 MHz

frequency which is one part in 5 X 107. The exact local oscillator frequency was
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measured by a counter and found to be 17,127770; its stability was indeed between
107" and 1072,
The over-all phase stability of the system was determined by feeding a 17, 188 MHz

signal to the inputs of the two radiometers and monitoring the output of the correlator.

O°W

| | | | i | | |
0 20 4 0 80 100

-90°

TIME ( min )

-180° |— W‘\.__._._.

Fig. 16. Phase stability test for the Ku-band interferometer.

Figure 16 shows the output for a period of 2 hours; a 180° phase shift was introduced in
one of the IF strips after 1 hour of monitoring. Over this time interval the phase

stability of the system was better than 10°.
4.4 BACK END

The complete schematic of the back end is shown in Fig. 17. As can be seen from
Fig. 13, the 60-MHz IF signals are transmitted from the two antenna sites to the
control room where the appropriate compensation delay is inserted in the IF signal

paths; the units that introduce and control the delays are called compensation boxes.

The outputs of the compensation boxes are then amplified further in the postamplifiers.
The IF outputs of the postamplifiers are applied to the analog multiplier, the averaged
output of which is the interferometer output plus noise. The detected outputs of the
amplifiers are brought to a synchronous detector where the gain calibration noise is
detected.

The constituent blocks of the back end will now be explained individually.

4.4.1 Compensation Boxes

The basic function of the compensation boxes was explained in section 3.2. From
Fig. 17 we see that each box has 8 delay sections varying from 1.25 ns to 160 ns. The
delays were constructed by using the appropriate length of RG-9 cable; the schematic
of the circuit that switches the delays in and out is shown in Fig. 18. When the delay
is out the signal goes through an attenuation pad that has the same attenuation as the
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Fig. 18. Switching circuit for the compensation delays.

corresponding delay; thus, a constant total attenuation for the compensation box is
maintained independent of the delays that are switched in or out. The switching signals
are generated in the interface and are controlled by the program as is explained in sec-

tion 4. 6.2 and Section 5. 26.

4.4.2 Gain Calibration

A schematic diagram of the gain calibration circuit is shown in Fig. 19. It is designed
to handle the gain calibration of a four-polarization radiometer (the interferometer in
its present form receives only the horizontal polarization). For instance, the four inputs
to the adder-and-filter circuit are the detected outputs DET. Rl’ DET. Ll’ DET. Rz, and
DET. L2 of the IF amplifiers corresponding to the right circular polarization of antenna
No. 1, left circular of antenna No. 1, right circular of antenna No. 2, and left circular
of antenna No. 2, respectively. These four detected outputs are proportional to the
temperatures of the injected calibration signals TCALl’ TCALZ’ TCAL3’ and TCAL4'
Then the outputs OUT1, OUT2, OUT3, and OUT4 of the adder-and-filter circuit in

Fig. 19 are proportional to

OuT! ~ (DET. Rl) + (DET. RZ)
OouT2 ~ (DET. Rl) + (DET. LZ)
OouT3 ~ (DET. Ll) + (DET. Rz)
OuT4 ~ (DET. Ll) + (DET. Lz)
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These 4 outputs are next fed into 4 different synchronous detectors, the outputs of which
are the calibration voltages associated with the following interferometric output signals:
R1 X Rz, R1 X LZ’ L1 X R2 and L1 X LZ' The calibration voltages go to the A-D con-

verter where they are sampled by the computer at the end of each integration cycle.

4.5 ANALOG MULTIPLIER

The analog multiplier shown in Fig. 17 gives the averaged product of the two IF sig-
nals. It has a dynamic range of 80 dB, and its frequency response is flat within 1 dB
in the IF bandpass 50-70 MHz.

4.5.1 Theory and Circuit Description

The multiplication is accomplished by means of a balanced FET bridge. The field-
effect transistors operate in their low-current region where their i-v characteristic is
similar to that of a variable resistance. Figure 20a shows the bridge with the driving

s Fig. 20.
(a) FET multiplier equivalent circuit.

(b)

sources E and I, while Fig. 20b is a simple resistive model of the bridge; this model
is valid if the variable compensating capacitors shown in Fig. 20a are properly adjusted.

The 2N4417 field-effect transistors were chosen as a compromise between good
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high-frequency response and relatively small turn-on resistance (150 ). Actually, to
reduce the turn-on resistance further two 2N4417's were put in parallel. Because of
this low resistance, a current source is needed to drive the source terminals of the
bridge. The gate terminals are driven by a balanced voltage source; this gate voltage
determines the instantaneous resistance of each transistor as shown in Fig. 20b. If we

now expand according to a Taylor series, we obtain

2
R(E) = R, + R|E + R,E" + ...

2
R(-E) = Ro - RlE + RZE + ..., (82)
Then by making use of these expansions we can solve for the bridge output voltage
VO ~ Ry E I (83)

Equation 83 tells us that the output of the bridge is proportional to the product of the
two input signals, provided that(a)the FET's have been biased properly so that they all
have the same expansion (82); (b) the gate voltage drive, E, is small enough so that
third-order terms can be neglected, and (c) the compensating capacitors are properly
adjusted so that the output of the bridge atiributable to the gate drive, E, is zero.

The complete schematic of the multiplier is shown in Fig. 21. Since geometric sym-
metry is very important at the frequency of operation, the source driver and the bridge
were built on the same printed circuit board; the source driver uses a complementary
pair of transistors (2N918 and 2N4958) to transform the voltage from input No. 1 into
a current drive. The voltage inputs to the source, as well as to the gates, are brought
to the printed circuit board by means of coaxial cables; these coaxial cables are also
used to transmit the bias voltages for the source driver transistors and the FET's. The
output of the bridge goes to a lowpass amplifier that has a gain of approximately 5 X 105;
the output of this amplifier is the interferometer output.

The bridge is balanced by means of the gate bias network and the compensating
capacitors. The gate bias network is adjusted so that the bridge output is zero, with
input No. 2 terminated and input No. 1 driven hard. The compensating capacitors are

adjusted for zero bridge output but with the input conditions reversed.

4,.5.2 Tests and Evaluation

The test setup used for the measurement of the dynamic range and frequency
response is shown in Fig. 22. Inputs No. 1 and No. 2 of the multiplier were obtained
from the same oscillator. When the attenuators in series with the input signals are set
at 45 dB the output of the multiplier is equal to the fluctuations caused by the flicker
noise of the high-gain lowpass amplifier. So, 45 dB defines the lower limit of the
dynamic range. The attenuation was then removed gradually by the same steps for both

attenuators and in each step the output voltage was recorded.
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OSCILLATOR —T 1SO-T MULTIPLIER [

INPUT#2

VARIABLE ATTENUATORS

Fig. 22. Test arrangement for determining the dynamic range of the multiplier.

If the output voltage is Vi and Vi+1 for steps i and i+ 1, then the linearity condi-
tion is
V.
i+l _ 106/10,

V.
i

where 6 is the dB amount that was taken out from each of the attenuators. The linearity
condition was satisfied until both of the attenuators were down to 5 dB; thus, 5 dB sets

the upper limit for the dynamic range. Then the total dynamic range is 2 X (45-5)=80 dB.

Table 5. Linearity data for the analog multiplier at three frequencies.

Attenuator Output Voltage (V)
Settings
(dB) 50 MHz 60 MHz 70 MHz
30 0. 02 0. 02 0.017
20 0.2 0.2 0.17
15 0. 63 0. 63 0.55
12 1.27 1.27 1.1
9 2.55 2.55 2.2
) 5.1 5.1 4.4
4.5 7.5 7.3 6.4

Table 5 shows the linearity data taken at 3 frequencies: 50, 60, and 70 MHz. The
attenuator settings ranged from 30 dB to 5 dB. The voltage outputs at these three fre-

quencies indicate a frequency response that is flat within 1 dB in the range 50-70 MHz.

4.6 COMPUTER-SYSTEM INTERFACE

The general functions performed by the interface are the following.

1. Sampling the interferometer output once every 0.2 s, converting the sample into
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a 10-bit digital number and depositing it in the accumulator of the computer. This part
of the interface is presented in Fig. 23.

2. Controlling the compensation delays by translating the computer command into
the appropriate voltage levels and directing it to the appropriate delays. This part of
the interface is presented in Fig. 24.

3. Generating the system clock of 0.2 s, as well as the other timing clocks of 1 s
and 10 s by dividing down a 1 MHz signal. This part of the interface is shown in Fig. 25.

4. Generating the tracking pulses for the two antennas. It does this by using as a
basic unit a 1-ms clock derived from the counter chain of Fig. 25. This part of the
interface is shown in Fig. 26.

The communication links between the computer and interface that make possible the
transfer of data and commands are the following.

1. The wires that transfer data numbers from the interface to the accumulator
directly. These wires are designated in Fig. 23 as AC2-AC11.

2. The wires that transfer numbers from the accumulator buffer to the interface;
these are designated as AC4-ACIl11 in Fig. 24.

3. The SKIP and INTERRUPT buses by means of which the interface can cause a
skip or an interrupt in the program.

4. The memory buffer wires designated as MB3-MB8 in Fig. 24; these wires carry
the device selection commands from the computer to the interface.

5. The buses for the input-output pulses IOP1, IOP2, and IOP4, designated as such
in Fig. 24. The code numbers for these pulses are 6XY1, 6XY2, and 6XY4. The
XY part of the code number is transmitted on the memory buffer wires MB3-MB8 and
designates the device to which the input-output pulses are directed; for instance, if the
device code is 64 then the memory buffer wires will transmit the binary number 110100.

We shall now proceed to explain briefly the four interface block diagrams.

4.6.1 A-D Converter (Fig. 23)

The analog-to-digital conversion process begins with IOT2(DS), which is the IOP2
pulse designated only for the sampling of the interferometer signals. This pulse reads
into the selection device boards the code of the device that is to be sampled. This code
is carried by inputs F1l, F2, F3, F4; therefore, it is possible to sample 15 devices
sequentially. In addition to reading in the code, IOT2(DS) performs two more functions.

1. It sets the bit-conversion flip-flop Q1 to 1 and resets the others. This brings
the output of the D- A ladder right at the center of its range, 4 V. The output of the
ladder is 8 V when all the flip-flops (Q1-Q10) are 1 and 0 V when they are all 0.

2. It triggers the timing circuit; this generates 10 successive pulses (TP) of 100 ns
pulsewidth and separated by 0.5 ps. These pulses generate sequentially the conversion
bits.

Let us say that five TP pulses have already been generated; these first five pulses
will establish the final level of the first five flip-flops Q1-Q5. In addition, the fifth
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pulse will set Q6 to 1. The other flip-flops, Q7-Q10, will be 0. The voltage level at
the output of the D- A ladder is determined by the new Q-levels. The comparator driver
serves as a buffer between the D-A ladder and the comparators; its voltage output ranges
between £2 V. The output of the comparator is compared simultaneously with all of the
inputs (RR, RL, etc.); this produces 8 comparison levels (Cl, C2,... C7, C8). Only the
comparison level that corresponds to the output that is currently being sampled, how-
ever, will affect the "SELECT" level coming out of the selection device board #2. This
new "SELECT" level will now set a gating condition for the next TP pulse (#6). For
instance, if the select level is 1, TP #6 will reset Q6 to 0; if it is 0, however, Q6 will
remain 1. In addition, TP #6 automatically sets Q7 to 1.

This process continues until all 10 Q-levels have been established. The last TP (#10)
generates a new pulse, STOPP, which reads the Q-levels into the level converters; the
outputs of the level converters are deposited straight into the accumulator of the com-

puter.

4.6.2 Level Converter, Gates, and Compensation (Figs. 24 and 26)

The level converter converts the memory buffer signals and the IOP pulses from
the computer levels to interface levels. The converted memory buffer levels are then
used in board #12 of Fig. 24 and boards #7 and #9 of Fig. 26 to produce gating condi-
tions for IOP1, IOP2, and IOP4. The correspondence between device and code number
is as follows.

1. 3,4 are the code numbers of the teletype,

2. 31 is the code number of the "SKIP" device; this device is shown in Fig. 29 and
explained in Section 5.10. The IOP pulses directed to this device are designated IOT1(31)
and IOT2(31);. in conjunction with the 0.2 s clock they activate the "SKIP" mechanism
of the computer.

3. 35 is the code number that produces IOT1(35); this pulse controls the compen-
sation delays that are in series with IF #1.

4. Gate #30 generates IOT1(30) which controls the compensation delays in series
with IF #2.

5. Gate #36 is used in the circuit that acknowledges the interrupts from the pulses
destined for the hour-angle axis of antenna No. 2; its output gated with IOP2 generates
I0T2(36) which is the stepping pulse.

6. Gate #37 serves the same function as gate #36 but for antenna No. 1.

7. Gate #41 generates IOT1(41) and IOT2(41) which check whether the stepping pulses
sent to the motors have been received. v

8. Gate #43 generates IOT1(43) which is the stepping pulse for the declination motor
of antenna No. 2.

9. Gate #45 generates IOT1(45) which is the stepping pulse for the declination motor
of antenna No. 1.

As mentioned previously, IOT2(DS) starts the process of analog-to-digital conversion.
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Therefore IOP2 is converted to IOT2(DS) only when the interferometer outputs are to be
sampled. Since IOP2 is also used by the devices 3, 4, 31, 36, 37, 41, an INHIBIT gate is
used to prevent IOP2 meant for these devices from getting to the A-D converter. The
gate is implemented in board #12 of Fig. 24 and board #7 of Fig. 26. IOT2(DS) is
generated in the latter board.

In Section 5.26, the part of the program that computes the compensation delays is
explained. For instance if delay is to be added in series with IF #1, the computer will
compute this delay in binary form and deposit it in the accumulator buffer from which
it is transmitted to the interface on the wires labeled as AC4-AC11 (see Fig. 24). It
then sends IOT1(35) which reads the information carried by the buffer wires into the
compensation (35) boards. The buffer boards are used to drive the delay switching cir-
cuits (see Fig. 18). Since the delay in series with IF #2 is zero, the program will
deposit zeros in the accumulator buffer; then, by means of IOTI1(30), will read these
zeros into the compensation (30) boards which control the delay in series with IF #2. The

reverse will be true if delay is to be added in IF #2.

4.6.3 Clocks and Interrupts (Fig. 25)

The system clocks are produced by dividing down a 1-MHz signal generated from a
stable oscillator. The fifth counter of the divider is coupled with a control circuit which
can speed up or slow down the count. Out of the counter chain we get three clocks;
0.2 s, 1s, and 10 s. By means of the speed-up or slow-down control circuit, the
10-¢ clock can be made to occur exactly on the minute within 1/2 s; then, the 1-s clock
is aligned with the 1-s WWYV timing signal within 5 ms. Once the clocks have been syn-
chronized, the observation can begin; the starting procedure is explained in Sec-

tion 5.10 along with the associated program. Every time a 0.2 s pulse is received by

l |0.2 s CLOCK

SET FLAG #32 10
FLIP-FLOP A BUFFER | ————————= INTERRUPT

RESET BUS

i

G 1 oAy II JDO—__TO

SKIP BUS

10T1(32 )ﬂ_
GATE

#32 QD

10P1

Fig. 27. Clock interrupt circuit.
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the computer the program increments the sidereal-time register by 0.2 (1+0.0027) s.
The 0.2 s pulse is acknowledged either by the "SKIP" or the "INTERRUPT" computer
mechanisms; the "SKIP" method is explained in Section 5. 10.

The interrupt mechanism serves 4 devices: Device #32 associated with the clock
interrupt; Device #33 associated with the time-check interrupt; and Devices #36 and #37
(explained in section 4. 6. 2).

When one of these devices causes an interrupt, the program will jump out of the cur-
rent location and enter a routine which checks which device caused the interrupts.
Figure 27 shows the implementation of the clock-interrupt method. When a 0.2 s pulse
arrives, it will drive the interrupt bus to zero, thereby causing the program to enter
the routine that checks which device caused the interrupt; the checking is done by gating
the flag of each device with IOT1(36), IOT1(37), IOT1(32), and IOT1(33), respectively.
For instance, in the case under consideration, the interrupt was caused by the clock;
therefore; flag #32 in Fig. 27 is up. Thus, when IOT1(32) comes, it will drive the
"SKIP" bus to zero, then the program exits the "check" routine and goes to serve the
clock interrupt by adding 0.2 (1+0. 0027) s to the sidereal-time register.

In addition to driving the "SKIP" bus to ground, IOT1(32) resets FLIP-FLOP A,

thereby removing the cause of the interrupt.

4.7 ANTENNA CONTROL

In Fig. 28, the antenna control schematic is depicted. Two kinds of control mech-
anisms are included in this diagram: computer/manual control, and direction control.

Both functions can be controlled either from the central room or from the antenna site.
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V. PROGRAM

The program was written in machine language and all computations were done in
fixed point. It was designed to perform the following general functions.
1. Accept the necessary input parameters through the teletype.
Point the antennas to the source and track the source.
Keep a record of the sidereal time by means of a stable external clock.
Take data.
Do a least-squares fit on the data.
Insert the appropriate compensation delay in the IF strip.
Decide whether to track the source or the calibration source.

o ~N O~ A W

Repeat the data-taking cycle.

The different sections of the program will now be explained. The computer organi-
zation is presented in Appendix B and the complete program listing in Appendix C.

The main program will be explained from beginning to end. To facilitate this expla-
_nation, the program is broken up into sections. These sections are identified by the
numbers of the first and last registers which they contain. The numbers are in octal and

vary from 0 to 7200.

5.1 - 0-117

These locations are used to store the symbols that are more commonly used and
likely to be addressed from any page. The only exceptions are locations 0 and 1 which
are reserved for the interrupt, and locations 10-17 which are the "self-indexing

registers."

5.2 — 6510-6524

The program starts at location 6510. It clears and initiates the timing and antenna

control devices in the interface and then transfers control to location 200.

5.3 — 200-226

In this section the program accepts the input parameters through the teletype by
means of the SICONV subroutine supplied by DEC. These numbers are deposited
sequentially by means of the self-indexing register '"10" into storage locations 6610-
6651. The format and function of the input parameters are given below in the order they
are typed.

Number of days since January 0 of the current year

Number of integrations on the source

Number of integrations on the calibration source

Greenwich civil time (G. C.T.) in hours, minutes, seconds, and fractional seconds

Calibration source right ascension (R. A.) in hours, minutes, seconds, and fractional

seconds
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Source right ascension (R. A.) in hours, minutes, seconds, and fractional seconds
Baseline hour angle in hours, minutes, seconds, and fractional seconds
Calibration source declination (Dec.) in degrees, minutes, seconds, and fractional
seconds

Source declination (Dec.) in degrees, minutes, seconds, and fractional seconds
Baseline declination in degrees, minutes, seconds, and fractional seconds

Baseline length in meters, centimeters, and millimeters.

5.4 — 227-273

The input parameters corresponding to G. C.T., calibration source R.A., source
R. A. and baseline hour angle have the same format and dimensions. Therefore, they
are operated upon sequentially and converted into numbers of a single unit which is the
unit "hours." After they have been converted they are deposited in triple precision

registers and their fixed point format is

XXX XXX XXX XXX

hd Y

Integral Part Fractional Part

5.5 — 274-426

The input parameters for the calibration source Dec., the source Dec. and the base-
line Dec. are operated upon sequentially and converted into the units of both radians and

degrees. The format for the degrees is

XXX XXX XXX XXX

' Y

Integral Part Fractional Part

and for the radians

XXX XXX XXX XXX
!

5.6 — 427-443

The baseline length input parameters are converted into a double precision number

in meter units.
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5.7 — 444-640

The G. C. T. at which the program is to start is converted into the local sidereal
time (L.S.T.)

LST = GST - LONGITUDE

GST = GCT + SIDHRO + (UTHR) * C,
UTHR = (NDAYS) * (24) + GCT,

where GST is Greenwich sidereal time, SIDHRO is Greenwich sidereal time at 0 hours
of January 0 of the current year, NDAYS is the number of days that have elapsed since
January 0, and Cl = 9.857/3600 is the conversion factor from solar time to sidereal

time.

5.8 — 641-667

The index hour and declination of each antenna are converted into the appropriate
system of units by means of the subroutine TRANSF located at address 1721. This sub-
routine takes a coordinate number given in (hours, minutes, seconds) or (degrees,
minutes, seconds) and converts it into a triple precision number in units of hours or

degrees, respectively.

5.9 — 670-1022

As the antennas track the source a continuous record is kept of their current hour
angles in registers HR1 and HR2. This is done by incrementing the contents of these
registers by a fixed number each time a stepping pulse is sent to the motor drives.
These numbers, which are different for the two antennas because of the different gear

ratios, are computed in this section.
STEP NUMBER = (1.8 degrees/gear ratio) X (1/15) hours,
where 1.8° is the amount by which the stepping motor advances when it receives a pulse.

Next, the ratio, d/\ = baseline length/wavelength is computed and stored in register
BSLLAMD in the format

XXX XXX XXX XXX | XXX XXX XXX XXX

. o}
Y

Integral Part Fractional Part

5.10 — 1023-1034

At this point the program halts and waits for the "START CLOCK" command. The
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waiting is accomplished by putting the program into a loop from which it exits when the
first clock pulse arrives. The instant at which the first 0.2 s pulse arrives coincides
exactly with the starting time specified in our input parameters. This is accomplished
by synchronizing the 1-s and 10-s clocks derived from our stable oscillator with the
WWYV timing signals. Figure 29 is a diagram explaining how the starting of the clock
is accomplished. The program section associated with Fig. 29 is

6311
6312
JMP.-1

Instruction 6311 generates the pulse IOTI(31) which clears the Flip-Flop B in
Fig. 29. The next two instructions form a loop that is only broken when the computer
"skip" bus is driven to zero; this will occur at the time when the first 0.2 s clock
arrives and sets Flip-Flop B. This time is the observation starting time, and is

r——————a 0.2 s CLOCK

10 s

——{ 9—— S LATCHING

PULSES FLIP- FLOP AND s
START R A No. 1 FLIP-FLOP AND
CLOCK R 8 No. 2

SWITCH

CLEAR

0.2 s PULSES SKIP BUS

10T1(31)

1072(31)

Fig. 29. Timing control diagram.

controlled by the "START CLOCK" switch which when closed allows the 10-s clock to
set the Latching Flip-Flop A. Our timing signals are synchronized with those of WWV;
thus the 10-s clock that sets Flip-Flop A arrives exactly on the minute specified by the

observer.

5.11 — 1036-1052

In this section the program decides whether it should point to the calibration source

or to the source that has to be studied.

5.12 — 1053-1321

Once the source to be tracked has been chosen the program addresses the registers
where the declination and right ascension of the source are stored and computes the

following functions:
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CONST9 =h+ @
(d/\)sinDcos$, (d/\)sinécosD, (d/\)cosD, (d/\)sinésinD,
(d/\)cos8cosD,

where H is the baseline hour angle, a the right ascension of the source, § the declina-

tion of the source, and D the declination of the baseline.

5.13 —~ 1322-1353

The antennas are moved on the declination axis and pointed to the declination of the
source. The parts of this section that are repeated many times in the course of the
observation (for example, going from one source to the other or going back to the index

position) are converted into subroutines. These subroutines and their locations are
the following.
DECI2 (2000-2045) — common to both antennas

DEC45 (5410-5430) — for antenna No. 1 only
DEC43 (6464-6504) — for antenna No. 2 only

PULSEP (5431-5447) — common to both antennas.

5.14 — DECI12

The function of this subroutine is presented as a flow chart in Fig. 30.

OBTAIN
DIFF. =(SOURCE DECL.) -
( PRESENT DECL.)

15
DIFF. >0
?

NO

YES

SET ANTENNA DIRECT-

ION CONTROLS TO CCw

SET ANTENNA DIRECT-
ION CONTROLS TO CW

GO TO DEC45 IF ANTENNA #1 IS BEING
POINTED OR GO TO DECA43 IF ANTENNA
#2115 BEING POINTED

Fig. 30. Pointing the declination axis.
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5.15 — DEC45 or DEC43, and PULSEP

The function of this subroutine is presented as a flow chart in Fig. 31.

OBTAIN NUMBER OF PULSES NEEDED TO
POINT DECLINATION AXIS =
)DIFF.| GEAR RATIO /1.8

INITIALIZE REGISTERS
TO KEEP COUNT OF
THE NUMBER OF PULSES

SEND
STEPPING PULSE TO APPROPRIATE
DIsH

Fig. 31.

Declination pointing subroutines.

GO TO SUBROUTINE PULSEP:
INCREMENT COUNT AND INSERT A
TIME DELAY BETWEEN STEPPING PULSES

NO

YES

GO BACK TO MAIN
PROGRAM AND UPDATE
THE DECLINATION REGISTERS

5.16 — 1400-1525

The antennas are next pointed on the hour angle axis. They are pointed ahead of
the source by a fixed lead time at the end of which tracking begins. Four subroutines

are used in pointing the hour angle.
HR12 (2045-2161) — common to both antennas
HR37 (1526-1550) — for antenna No. 1 only
HR36 (1551-1573) — for antenna No. 2 only
PULSEP (5341-5447) — common to both antennas.

The functions performed in this section are presented in Fig. 32.
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ESTABLISH A
LEAD TIME t

OBTAIN TIME AT WHICH TRACKING

STARTS t :'presem +rL
Fig. 32.
OBTAIN THE SOURCE HOUR ANGLE AT t . e g
s Computation of initial hour angle.
hs =t -a
FORM
0 =hs - hdish
GO TO

SUBROUTINE HR12

5.17 — HRI2

This subroutine is presented in Fig. 33.

NO OBTAIN
Ip!
YES NO YES NO
SET ANTENNA| [SET ANTENNA SET ANTENNA SET ANTENNA
DIRECTION DIRECTION DIRECTION DIRECTION
CONTROLS CONTROLS CONTROLS CONTROLS
TO CCwW TO CwW TO Cw TO CCw
OBTAIN SET OBTAIN SET
D'=24-D D'=D D'=24- D] D'=1ID|

Fig. 33.

L

1

|

Determination of direction for pointing the hour angle.

¥

GO TO SUBROUTINE HR37 IF ANTENNA #1

IS BRING POINTED

OR
GO TO SUBROUTINE HR36 IF ANTENNA #2

IS BEING POINTED
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5.18 — HR37, HR36

This subroutine is presented in Fig. 34.

OBTAIN No. OF PULSES NEEDED TO
POINT HOUR ANGLE AXIS =

GEAR RATIO
15 D* T—

INITIALIZE REGISTERS TO KEEP COUNT
OF THE NUMBER OF PULSES

SEND STEPPING PULSES TO APPRO-
PRIATE HOUR ANGLE AXIS

Fig. 34.
GO TO SUBROUTINE PULSEP:
INCREMENT COUNT Pointing subroutines for the hour angle.

INSERT TIME DELAY BETWEEN PULSES

GO BACK TO MAIN PROGRAM AND UPDATE
THE HOUR ANGLE REGISTERS

5.19 — 1600-1634

The antennas are pointed ahead of the source at hour angle hS = 1:S - a, where ts =
t + t. . Tracking the source begins when the lead time t, expires, which is the
present L L
instant when the source is at the center of the antenna beam. This section of the pro-
gram receives the 0.2 s clock, increments the time tp, and checks to see if ts =t . If
tp is less than ts’ the program goes back and waits for the next clock. If ts = tp’ the
program exits the loop and goes on to set the hour angle direction controls to CW

(instruction 6434) to activate the interrupt mechanism for tracking.

5.20 — 1635-1657

This section contains a loop that the program enters or exits at the command of the

observer by means of the switch register. For instance, if there is a temporary
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READ SWITCH REGISTER

1S

IT 1000
?

YES

NO

GO TO A LOOP AND WAIT FOR THE

" TIME CHECK" COMMAND

TYPE QUT LOCAL CIVIL TIME

GO TO LOCATION 1660 AND WAIT FOR
THE NEXT CLOCK PULSE WHICH WILL
INITIATE THE INTEGRATION CYCLE

Fig. 35. Functions of Section 5. 20.

malfunction in the system that would make the data meaningless, the observer orders the
program to wait until the malfunction has been corrected. Another function accomplished
in this section is the "time check"; that is, while the program is in this waiting loop the
operator may command it to type out the local civil time. The way in which these func-

tions are accomplished is demonstrated in the flow chart of Fig. 35.

5.21 — 1660-1720 and 2200-2442

The program goes through this section before it starts the integration cycle. It
enters a loop like that described in Section 5. 10 and waits for the 0.2 s clock. Let us

call the time when the clock arrives tb The program then proceeds to compute

cos [( 11/12)(H+a-tb)] and sin [( w/lZ)(H+ea%1tr:))] by means of the cosine and sine subrou-
tines.

These two functions are then used to compute the transform plane components u,v

integr

given by Eq. 7. These numbers are computed for a time t = tbegin L

is the length of the integration cycle. The flow chart of Fig. 36 explains the

, wWhere

T.
integr
sequence of these computations.
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where Y3 is the data sample taken every 0.2 s, and

TURN INTERRUPT OFF AND WAIT FOR
CLOCK PULSE CORRESPONDING TO t

DEACTIVATE THE CLOCK PULSE INTER -
RUPT(6334) AND TURN INTERRUPT ON

COMPUTE: H+a- ’begin

H - BASELINE HOUR ANGLE
a - RIGHT ASCENSION

COMPUTE
cos [ (n/12) (H+ u-fb) ]

sin [(n/12)(H+ c-rb)]

COMPUTE

T
cos [ (n/12) (H+ amty - |N;EGR)]

T
sin [(n/12) (H+ a-t, - NIEGR )

COMPUTE h=t-a
u(t), v(t)

WHERE + St *

INTEGR
2

L COMPENSATE FOR RF DELAY

5.22 — 2443-3154, 3155-3254

This section of the program accepts data
from the four inputs and does the least-squares
fit. The data inputs are being sampled sequen-
tially every 0.2 s during the integration cycle.
The total number of samples per input depends
on the integration time. For instance, for an
integration length of 6 min the number of sample
will be 1800. At the beginning of each 0.2 s cycle
Once the

clock pulse arrives it exits the waiting loop and

the program waits for the clock pulse.

scans by means of IOT instructions (6743, 6703,
6643, and 6603) the four inputs. While the pro-
gram is waiting for the clock pulse and during
scanning of the inputs the interrupt is off. At
the end of the scanning the data processing section
follows, during which the interrupt is turned on
so that the tracking pulses will be serviced.
The clock pulse cannot cause an interrupt
during this section because it has already
been serviced.

The objective in this section is to compute

the fringe components apa, given by Eqs. 48

cos § cosD cos (( Tr/12)(H+a-ti))].

Y3

. 2
sin Y., cos s
Yy Yi

and sin

Yi

In each 0.2 s cycle the products v;

Fig. 36. Sequence of computa-
tions in Section 5.21. and 49.
Z cos y; sin vy.
Zy.cos vy, - L 1Zy sin v,
i i s gi 2 i i
sin” vy,
a =
1 b cos2 Y
2 cos Y5 sin y,
z y; siny; - Z > 2 ¥i €08 Y
cos” Y,
a, = ,
2 = sin2 Yi

y; = 2md/\)[sin 6§ sinD +

cos v,

are being computed and added to their re-

spective summing registers. The program first computes cos[( TI'/lZ)(H'l-a-ti)] and
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INITALIZE REGISTERS THAT
CONTAIN THE INTEGRATION LENGTH

l

CLEAR SUMMING REGISTERS
I ::os2 Yy I sin2 ¥io Ly;cos vio
AND Iy, sin v

)

TURN INTERRUPT OFF AND
WAIT FOR CLOCK

|

SAMPLE INPUTS SEQUENTIALLY

INCREMENT TIME REGISTER BY
0.2 (1+0.0027) s

DISABLE CLOCK INTERRUPT

TURN INTERRUPT ON

COMPUTE
cos [(m/12)(H+ u—l‘i)J

COMPUTE (d/)\) sin 6,

l

OBTAIN FRACTIONAL PART OF
(d/\) sin 8 AND COMPUTE
¥; = 2n ( FRACTIONAL PART )

ADD sin? v, cos? v, TO
THEIR SUMMING REGISTERS

1

SET INPUT DEVICE INDEX
K =<4

CALCULATE FOR DEVICE K y; sin Y

¥; €08 v; ADD PRODUCTS TO

Ly;siny, I ¥; €08 ¥

L INCREMENT K

NO

YES

CHECK FOR DELAY COMPENSATION

INTEGRATION
PERIOD OVER

L ACTIVATE CLOCK INTERRUPT

l

SET INPUT DEVICE INDEX
K=-4

COMPUTE FOR DEVICE K THE FRINGE

VISIBILITY COMPONENTS a9y

INCREMENT K 1

COMPUTE
cos v, AND sin ;

Fig. 37.

SAMPLE THE FOUR CALIBRATION
DEVICES

l

GO TO THE SECTION THAT PUNCHES
AND PRINTS THE RESULTS

Least-squares fit processing.
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then it calculates (d/)\)sinei=(d/)\)(sinésinD+cosécosDcos[( Tr/lZ)(H-i-a—ti)]. This num-

ber has the following format:

+ XXX XXX XXX XXX | XXX

1N J 1 - J
Y Y

Integral Part Fractional Part

The fractional part is then separated out with the appropriate sign attached to it and
multiplied by 2n. The number that we obtain is Y; The program then proceeds to
compute cos Y5 and sin Y;» as well as cos2 A and sin2 Y; These functions are subse-
quently used in the least-squares fit.

The program was written to sample 4 input devices. The outputs are the circular
polarization products (R1R2>, <L1L2 ), <R1L2>’ and { R2L1>' The least-squares fit
routine is then applied sequentially to the data samples from these four inputs.

The sequence of operations in this section is exhibited by means of the flow chart
of Fig. 37.

5.23 — 3264-3305
This section contains the "NEGATE" subroutine that gives the 2's complement of a
triple precision number.

5.24 — 3306-3362

The subroutine "CHKARG" contained in this section checks to see whether the argu-
ment of the cosine and sine functions that must be computed is within the appropriate

limits. The flow chart for this subroutine is shown in Fig. 38.

GET ARGUMENT o

No

YES

SET OBTAIN SET OBTAIN
A=a A =-2nta A=ol A =21~ o

l ]
i

EXIT SUBROUTINE AND
COMPUTE cos a, sin a

Fig. 38. Subroutine that checks the argument of the cosine and sine functions.
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5.25 — 5200-5407

The fringe components ap.a, computed in Section 5. 22 are punched on paper tape in
binary format and printed out in decimal format. Other quantities that are punched and
printed out are the source hour angle, the Fourier plane variables (u, v}, as well as the
system gain calibration voltages. The DEC subroutine "BPUN" is used for the punching,
and the subroutines "DECPRT" and "SSPRNT" are used for the printing. The binary

format of the numbers to be output is the following.

h: XXX XXX XXX XXX | XXX XXX XXX XXX

f

u, v: XXX XXX XXX XXX | XXX XXX XXX XXX

f

al, a2 and

calibration XXX XXX XXX XXX | XXX XXX XXX XXX
numbers: 1

In the decimal print-out, consideration has to be given to the sign and the location

of the binary point. Since the set of the (al, az) components, as well as the calibration
numbers, have the same format, a single print-out routine is used for all of

them.

The different functions of this section are presented in the flow chart of Fig. 39.
5.26 — 5447-5560

The "COMPEN" subroutine listed in this section generates the digital numbers that
control the compensation delays whenever called for by the main program. This is
accomplished by computing the difference in the signal RF paths (d/c) sin 6 and then
converting this difference into a digital number. For instance, if the signal arrives
earlier at Antenna No. 1, the program will insert the right amount of delay in device
No. 35, which is in series with the IF signal from Antenna No. 1. If Antenna No. 2
receives the radiation earlier, then delay will be inserted in device No. 30, which is
in series with the signal from Antenna No. 2. The different delay values are synthe-
sized digitally by means of 8 basic delay units: 1.25ns, 2.5 ns, 5 ns, 10ns, 20 ns,
40 ns, 80 ns, and 160 ns.

The flow chart of the compensation routine is presented in Fig. 40.
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GIVE CODE INDICATING THE INCREMENT K
BEGINNING OF THE PUNCH-OUT
15
K=0
?
USE THE BPUN SUBROUTINE TO PUNCH ’
OUT THE FOLLOWING NUMBERS : YES
h,u,v
ayr9y for device No. 1
IS
ay sy for device No. 2 THE NEXT YES
. INTEGRATION GO TO LOCATION 1635
ay .9y, for device No. 3 CYCLE ON THE SOURCE FOR NEXT INTEGRATION
CURRENTLY CYCLE
ayray for device No. 4 OBSERVED
?
Calibration for device No. 1 )
Calibration for device No. 2
Calibration for device No. 3 NO
Calibration for device No. 4
IS
THE NEXT
SOURCE THE NO
CALIBRATION
SOURCE
?

rGIVE CODE INDICATING PUNCH OUT END l

r YES

GET THE HOUR ANGLE GO TO LOCATION 1036;
l ] REINITALIZED AND POINT GO TO LOCATION 1053;
THE DISHES TO CALIBRA - POINT THE DISHES TO
1 TION SOURCE SOURCE
PRINT THE INTEGRAL PART ]

!

PRINT A POINT (.)

-

PRINT FRACTIONAL PART -1

-

PRINT CARRIAGE RETURN AND LINE FEED ‘

!

SET INDEX K TO=-12 FOR THE EIGHT
VISIBILITY COMPONENTS AND FOUR
CALIBRATION NUMBERS ~

i

@—{ GET NUMBER CORRESPONDING TO INDEX Kl

( PRINT OUT ITS SIGNED INTEGRAL PART

T

r PRINT OUT A POINT (.)

!

r PRINT OUT ITS FRACTIONAL PART \

!

l PRINT CARRIAGE RETURN AND LINE FEED ]

!

1T

—

Fig. 39. Punch and print sequence.
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COMPUTE:
sin §=sin & sin D+cos & cos D cos (H+a~t

)

present

NO SET
FLAG = -1
YES
SET FLAG =0 NEGATE sin 8

[ 1

COMPUTE
DELAY=sin 8

OBTAIN
1/1.25 ns ( DELAY)
KEEP RESULT IN

ACCUMULATOR
NO
YES
DIRECT ACCUMULATOR DIRECT ACCUMULATOR
READ - OUT INTO READ - OUT INTO
DEVICE No. 35 DEVICE No. 30
INITIALIZE TIME

KEEPING REGISTER FOR
NEXT COMPENSATION

Fig. 40. Delay compensation subroutine.
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5.27 — 5600-6135

This section checks and services the interrupts. When an interrupt occurs,
the location at which the program was interrupted is stored in register "0" and
then the program jumps to location 5600. It deposits the contents of the accu-
mulator and the link into auxiliary registers SAVEAC and SAVELK and then pro-

ceeds to check to see which device caused the interrupt. Interrupts are caused
by the following devices:

Antenna No. 2 tracking pulses Code No. 36
Antenna No. 1 tracking pulses Code No. 37

Clock pulses Code No. 32
Time check Code No. 33

The sequence of the interrupt servicing is presented in the flow chart of Fig. 41.
5.28 — 6143-6464

Most of the subroutines used in this program are listed in this section.

(a) ROT1RT

Rotates the contents of the registers TEMP1, CONTB, CONTC one position to the

right. These registers contain the result of a double precision multiplication.
(b) MEGI10

Arranges the dividend for a double precision division in the format:

XXX XXX XXX XXX [ XXX XXX XXX XXX

- J k J
¥ Y
Integral Part Fractional Part
(c) ROTIL

Rotates the contents of the registers TEMP1, CONTB, CONTC one binary position

left. As in ROTI1RT these registers contain the result of a double precision multipli-
cation,

(d) ROT3RT

Rotates the contents of registers TEMP1, CONTB, CONTC three positions right.
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SAVE CONTENTS OF
ACCUMULATOR AND LINK

SEND A STEPPING PULSE TO HOUR
OF ANTENNA # 2 AND INCREMENT
THE HOUR ANGLE OF ANTENNA # 2
L BY THE PROPER AMOUNT

IS

FLAG OF

DEVICE No.37
P

YES

NO

SEND A STEPPING PULSE TO HOUR
OF ANTENNA #1 AND INCREMENT
THE HOUR ANGLE OF ANTENNA #1
BY THE PROPER AMOUNT

i

B

IS
OBSERVATION

FLAG OF
DEVICE No.32

OVER
2

BRING DISHES BACK TO INDEX
POSITION AND HALT THE
PROGRAM

INCREMENT THE CONTENT OF THE
TIME REGISTER BY THE CLOCK

PERIOD

PRINT OUT THE LOCAL CIVIL
TIME

RETURN TO LOCATION WHERE
THE INTERRUPT OCCURRED

RETURN TO LOCATION 1635
FOR NEW INTEGRATION CYCLE

Fig, 41. Sequence of interrupt servicing.
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(e) ROT3LF
Rotates the contents of registers TEMP1, CONTB, CONTC three locations left.

(f) TMINCR

Increments the present time by the clock period of 0.2(1+ 0.0027)/3600 hours.

(g) ROT6LF

Rotates a triple precision number stored in registers TEMP1, TEMP2, TEMP3 six

positions left.

(h) ROT2LF

Rotates the contents of registers TEMP1, CONTB, CONTC two locations left.
(i) PARA

Checks the sign of a number before rotating right.

(j) CRLF

Types carriage return and line feed.
(k} TYPEPT

Types a point (. ).

(1) TYPE

Types any character when called.

5.29 — 6400-6463

The source hour angle and the u,v parameters are computed at a time cor-
responding to the center of the integration interval. This section calculates the func-
tions necessary for the computation of h, u, and v. These are: T/2, cos [( w/lZ)(T/Z)]
and sin [( ©/12)(T/2)], where T is the integration time.

5.30 — 6510-6524

The program begins at location 6510; then it proceeds to clear interrupt flags and

reset the timing circuits. After this has been done it jumps back to location 200.
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VI. OBSERVATIONS

The interferometer has been operational since the beginning of October 1969. The
preliminary observations were made with a baseline spacing of 8 m. The eventual max-
imum spacing between the two antennas will be 100 m. At this time no other spacing
has been tried, primarily because of the persistent problem of interference. The nature
of this interference and the difficulties that it causes are discussed in section 6.2. The
data are presented in section 6. 4 and an interpretation is given in 6. 5.

The system in general worked quite well. We achieved most of the engineering goals
that we set out to reach. In view of the good phase stability, which was shown in Fig. 16,
we may say that this Ku-band interferometer is a successful prototype for interferomet-
ric observations at wavelengths less than 2 cm.

With the 8-m baseline length we observed and measured fringes from the Crab
Nebula, Cas A, and Cyg A. We did not detect 3C273 because interference limited the

integration time.

6.1 OBSERVATIONAL PROCEDURE

The use of the PDP-8 computer made it possible to design the system so that its
operation was automatic. The input parameters for starting the observation of a source
have been explained in Section 5.3. At the beginning of the observation they are typed
in the order listed there. Then the observer starts the clock at the prespecified minute
as explained in Section 5. 10. At this point the computer assumes control of the system
and the observation: It points the antennas, tracks the source, inserts the right com-
pensation delay, performs a least-squares fit on the interferometer output, and at the
end of the integration cycle punches out in binary form and prints out in decimal form
the source hour angle, the u, v components, the fringe components (al, az) and the gain
calibration constants. At the completion of the punch-out and print-out of data, the
program checks whether to continue integrating on the source or switch over to a cali-
bration source. The observer decides whether the calibration source is to be an off-
source position or a point source like 3C273 which can be used for flux calibrations.

While the program is cycling the observer cannot interfere with its operation except
when he wants to make a time-check. To do that he inserts a number into the switch
register of the computer and the program responds by printing out the local civil time
at which the command to do so is given. At the end of the observation the antennas are

brought back to the index position automatically.

6.2" INTERFERENCE: DIAGNOSTICS AND POSSIBLE SOLUTIONS

Since interference proved to be a very serious impediment, we feel that it is neces-
sary to explain its nature and suggest possible remedies. Its nature is such that it
appears only at the output of the correlator (see Fig. 17) and not at the detected IF out-
puts. The gain of the system is adjusted so that the peak-peak noise fluctuations at the
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output of the correlator are less than +4 V; the DC average, of course, should be zero.
Because of interference, this DC level varied from +1 V at best to approximately +15 V
at worst. At the fringe rates of approximately 0.01-0.02 Hz, which we get for the
present baseline separation (see Table 6), these DC level variations will destroy the
signal coherence for a weak source like 3C273 or upset the phase consistence for the
stronger sources.

The diagnostics of the interference may be summarized as follows.

1. It can be picked up in the IF strip; this implies that it is in the IF bandpass range
of 50-70 MHz. As a matter of fact, by means of a receiver we picked up 4 frequencies
| in this range, two of which are television stations.

2. It is present when the klystrons are off, but is much stronger when they
are on. It is independent of the reflector voltage setting when the klystrons
are in lock, and is still there when the klystrons are out of lock. These diag-
nostics imply that this is not Ku-band interference and that it is getting in either
through the crystals or by amplitude modulation of the local oscillator or both.
To modulate the local oscillator it must be picked up by the L.O. power cables.
Filters were inserted at the end of these cables just before they go into the
klystron. By doing this, we corrected part of the problem but not all of it;
that is, before insertion of the filters the correlator DC level was dependent
on the setting of the reflector voltage when the klystrons were in lock. That
is not so any more. V

3. The correlator DC level changes as much as £10 V when the antennas move with
respect to each other; during tracking the variations are more reasonable. This is to
be expected if the interference is IF and it is picked up by cables moving with respect
to each other.

From these diagnostics we may say that the interference enters the system through
the klystron cables or through a ground loop or both. In the first case it amplitude-
modulates the L. O., and in the second case it gets into the crystals or into the input of
the IF preamplifier.

Our study of the interference problem suggests both short-term and long-
term solutions to the problem. The short-term solutions that we propose are
as follows:

(a) Thorough checking of the system for ground loops.

(b) Rebuild all klystron cables so that they are completely shielded.

(c) Use fringe rotation technique; this can be accomplished by off-setting one of the
23 MHz reference signals (see Fig. 15), for instance, by 1 Hz.

The long term solutions that we propose are as follows:

(a) Move the antennas away from the interference.

(b) Improve the signal-to-noise ratio by using larger antennas and/or low-noise
front ends.

Because of time limitations, none of these proposals has been implemented.
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6.3 FRINGE RATES AND PROJECTED BASELINE LENGTHS

In Table 6 the fringe rates, projected baseline lengths, and resolutions for four
sources are listed. The hour angles at which these quantities are computed vary from
23 hours to 4 hours. This hour-angle range is most appropriate for observations with
the present baseline orientation, since the fringe rates are largest in this interval; the
faster the fringes, the less the effect of interference.

By studying Table 6 we notice that (a) The fringe rates are maximum at 4 h West
when the sources are near setting, and (b) Resolutions change very little over an obser-
vation period of 4 h; for instance, for the Crab Nebula they change less than 5%.

The best arrangement would be one in which the fringe rates are largest around
transit, since the pointing of the antennas is known best there. This arrangement can
be achieved with an E-W baseline. Our baseline is almost N-S, which we had to use
because of the shape and orientation of the building on which the antennas were placed.
The E-W baseline is actually the optimum orientation because with it a larger portion
of the u-v plane can be mapped than with an N-S baseline7; for instance, for the
Crab Nebula, with an E-W baseline, the projected baseline vector would change by at
least a factor of 2 in an observation interval of 4 h. Therefore it is clear why an E -W

baseline is strongly recommended in a future rearrangement of the interferometer.

6.4 INTERFEROMETER DATA

We shall present some of the interferometric data that we took on Cyg A, Cas A, and
the Crab Nebula. The data are listed in Tables 7-21. The quantity A is the fringe
amplitude in millivolts, and ¢ is the fringe phase in degrees. They were calculated

from the measured fringe components a, (in-phase) and a, (quadrature). The fringe

amplitude is A/ a% + ag, and the fringe phase is ~tan™? a,/a;.

The data were taken by integrating 12 min on the source and then 12 min off the
source. Interference was there all of the time; its presence is evident from the large
fringe components that we obtained on the off-source position. Because of the corrup-
tion of the data by interference, no information could be obtained about fringe visibility
variations with hour angle, and no accurate estimation of the baseline parameters could
be made.

In Figs. 42-49 we show vectorially the data listed in Tables 7-21. The amplitudes
of the vectors in each observation were normalized with respect to the maximum sig-
nal vector of that particular observation. In each figure we have drawn the signal and
noise vectors from two successive observations on the same source. This vector rep-
resentation makes it easy to discuss the behavior of the fringe amplitude and phase
during the course of a single observation and also to compare the phase variations for
two successive observations. No comparison, however, should be made of the ampli-
tudes obtained in the two successive observations, because of the way in which they were

normalized.
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SIGNAL VECTORS FROM TABLE 7
NOISE VECTORS FROM TABLE 7
———— SIGNAL VECTORS FROM TABLE 8
—-—+— NOISE VECTORS FROM TABLE 8
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Fig. 42. Vector representation of data in Tables 7 and 8.
Table 7. CYG A — October 12, 1969.
Hour ON OFF
Angle A (mV) ¢ (deg) A (mV) ¢ (deg)
23.57 91 -150
0.03 39 114
0.2 135 157
0.64 50 -6
0.79 152 150
1.25 86 -105
1.42 151 -153
1. 86 68 -90
Table 8. CYG A — October 16, 1969.
Hour ON OFF
Angle A (mV) ¢ (deg) A (mV) d(deg)
1.56 48 -35
0.95 18 119
1.07 83 0
1.46 16 -35
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SIGNAL VECTORS FROM TABLE 9
———— SIGNAL VECTORS FROM TABLE 10
NOISE VECTORS FROM TABLE 10

—

Fig. 43. Vector representation of data in Tables 9 and 10.
Table 9. CAS A — October 21, 1969.
Hour ON
Angle A (mV) ¢ (deg)
2.38 89 140
2.70 82 50
Table 10. CAS A — October 26, 1969.
Hour ON OFF
Angle A (mV) ¢ (deg) A (mV) ¢ (deg)
3.37 52 23
3.80 20 -3
3.90 69 -2
4,34 31 ~167
4,44 38 -32
4,86 20 70
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SIGNAL VECTORS FROM TABLE 11
------ NOISE VECTORS FROM TABLE 11
——-—= SIGNAL VECTORS FROM TABLE 12
————— NOISE VECTORS FROM TABLE 12

Fig. 44. Vector representation of data in Tables 11 and 12.

Table 11. CAS A — October 30, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

3.29 56 128

3.72 15 109

3.79 50 46

4.22 28 10

4.29 50 111

4.71 16 120
Table 12. CAS A — November 19, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

1.01 61 ~-122

1.55 27 38

1.69 116 -152

2.16 29 90

2.3 124 44

2.79 49 -157
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SIGNAL VECTORS FROM TABLE 13
NOISE VECTORS FROM TABLE 13

———— SIGNAL VECTORS FROM TABLE 14

NOISE VECTORS FROM TABLE 14

Fig. 45. Vector representation of data in Tables 13 and 14.

Table 13. CAS A — December 3, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

1.17 22 166

1.60 6 100

1.70 36 147

2.14 7 -51
Table 14. CAS A —December 5, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

1.28 64 170

1.73 40 126

1.83 53 168

2.27 4 -45
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SIGNAL VECTORS FROM TABLE 15
NOISE VECTORS FROM TABLE 15
———— SIGNAL VECTORS FROM TABLE 16
NOISE VECTORS FROM TABLE 16

— — —

Fig. 46. Vector representation of data in Tables 15 and 16.

Table 15. CRAB NEBULA — October 24, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

0.8 93 86

1.23 10 -79

1.31 111 144

1.75 6 -90
Table 16. CRAB NEBULA — October 24, 1969.

Hour ON OFF

Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

1.91 107 30

2.36 10 -6

2,43 158 +93

2.88 34 -126

2.96 100 32

3.4 10 -122
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Fig. 47. Vector representation of data in Tables 17 and 18,
Table 17. CRAB NEBULA — Table 18. CRAB NEBULA —
October 28, 1969. October 30, 1969,
ON OFF ON OFF
Hour Hour
Angle | A (mV) | ¢ (deg) | A (mV) | ¢ (deg) Angle | A(mV) | ¢ (deg) | A (mV)] ¢ (deg)
0.9 75 180 1.52 70 150
1,34 57 =75 1.96 21 157
1.41 106 -124 2.05 91 ~156
1.86 28 =51 2.49 42 136
1.93 109 —-46 2. 57 85 174
2.38 28 140 3.00 25 90
2.45 60 93
2.90 26 101
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Fig. 48. Vector representation of data in Tables 19 and 20.
Table 19. CRAB NEBULA — December 9, 1969.
Hour ON OFF
Angle A (mV) ¢ (deg) A (mV) ¢ (deg)

1.6 138 -17
2.01 42 =50
2.16 141 16
2.6 39 -6
Table 20, CRAB NEBULA — January 9, 1970.
Hour ON OFF
Angle A (mV) ¢ (deg) A(mV) ¢ (deg)
1.00 111 -87
1.05 42 -139
1.6 131 -51
2.01 33 180
2,12 109 8
2.57 26 173
2.67 138 140
3.13 23 45
3.78 66 -124
4.22 20 53
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SIGNAL VECTORS FROM TABLE 21
------- NOISE VECTORS FROM TABLE 21

Fig. 49. Vector representation of data in Table 21.

Table 21. CRAB NEBULA — January 11, 1970.

ON OFF
Hour
Angle A (mV) ¢ (deg) A (mV) . ¢ (deg)
0.74 109 58
1.2 7 -8
1.84 57 -171
2. 5 -11
2. 81 -147
2.85 26 43
2.95 54 -162
3.4 18 90
3.5 84 -85
3.96 21 -17
4.01 60 -162
4.5 22 -80
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From examination of Figs. 42-49 we may make the following remarks:

(a) The signal vectors are consistently larger than the noise vectors.

(b) The amplitude of the signal vectors rarely varies more that 50% in the course
of an observation.

(c) The phase of the signal vectors does not vary more than +45° for most of the

observations.

6.5 INTERPRETATION OF THE DATA

The presence of interference makes it impossible to extract much information from
our data. We shall give a short discussion of the methods that can be used to estimate

the fringe visibility amplitudes and the uncertainties in the baseline parameters.

6.5.1 Estimated Fringe Visibility for the Crab Nebula

Of the sources observed, the Crab Nebula gave us the most consistent fringes. The
fringe amplitude variations were within 20-30% in most cases. To obtain the fringe vis-
ibility amplitude experimentally, we would have to measure A, the fringe amplitude of
a point source such as 3C273, with the same system gain as in the measurement of
the Crab Nebula fringe amplitude, ACrab' Then the fringe visibility, IVI, would be
i} ACrab/A3C273’

IV , Crab
Scrab/S3c273

where S is the flux.

We did not measure any fringes from 3C273; therefore, experimental calculation of
the fringe visibility amplitude for the Crab Nebula was impossible. We could, however,
obtain an estimate of the fringe visibility amplitude and phase over the useful hour-angle
range. We shall do that for a one-dimensional source of uniform brightness temper-
ature with a width of 4 minutes of arc. We make use of Eq. 30, and after simplifi-
cation and integration we obtain

sin 1ruXc
V=r—. (84)

TruXC
For X . = 4 minutes of arc and the values of u given in Table 6 we find that V = 0.6 over
the 4-h observation interval. The phase is zero because we assumed a uniform bright-
ness temperature distribution. In reality, the distribution is not uniform; therefore,
the fringe visibility amplitude is not 0.6, and the phase is not zero. Yet both remain

constant over the observation interval, because of the small changes in u.

6.5.2 Baseline Parameters

To estimate the baseline parameters one should measure the phase of a point

source for an interval of 2 h. Actually, for our present baseline length and orientation,
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the Crab Nebula can be used for estimating the baseline parameters, since its intrinsic
phase remains essentially constant over an interval of 2 h. Interference, however, cor-
rupted the consistency of the fringe phase that we measured; thus, the Crab Nebula can-
not be used, at this time, for the estimation of the baseline parameters.

The baseline parameters used in our observations were obtained from geometrical
measurements. The accuracy of these measurements cannot be depended upon for inter-
ferometric work; therefore, we can safely say that part of the phase inconsistency in
our data is due to baseline errors. This is suggested in one set of our data; specifically,
examination of the data in Table 20 reveals that the fringe vector seems to be changing
phase in almost consistent fashion. We shall assume that these changes are due
entirely to errors in the baseline parameters and proceed to demonstrate the technique
by means of which these parameters can be obtained exactly.

The phase error, A¢, attributable to errors Ad, ADL, and AHL in the baseline
length, declination, and hour angle, respectively, is given by

L) o¢ 9¢

A¢=-aHAd+5T)—I:J-AD+8‘H‘—L’AH, (85)

where

=203 (si i I (H. -
¢ = 2w X (sm 6 sin D, + cos & cos DL cos 73 (HL hs)),

L

and hS is the source hour angle.
Then

Ad = 2w % (sin 8 sin DL + cos & cos DL cos _llfz_ (HL—hS)) ~—Adg

d T ADL
+ 2w+ (sm 6 cos D, =~ cos & sin DL CcOS T3 (HL—hS)) 57

N L 12
d i — - I 8
-2 x (cos 6 cos DL sin 75 (HL hs)) 5 AHL, (86)
where ADL is in degrees, and AHL is in hours.

If we now separate the constant and time-variant terms, we obtain

AD
Ad = 21Tg-<sin 6§ sin D écl+ sin 6 cos DL_S—’{L)

N L d
AD
. L Ll
+ 2m % (cos & cos DL _Aaé_ - cos 6 sin DL =7 > cos 73 (HL—hS)
- 279 (cos & cos D lAH)sml(H -h ). (87)
LY L1z 2L 12 ML

84




Equation 87 can be written
hs . T
Ad = A(Ad, ADL) + B(Ad, ADL) cos 7= (HL-hS) - C(AHL) sin 75 (HL—hS).

Thus, by measuring the phase over 2 h, we can compute the coefficients A, B and C;
then we can solve for Ad, ADL, and AH’L‘

Another method that is not sensitive to the instrumental phase and to the intrinsic
phase of the source is to differentiate A¢ with respect to hs- The derivative is called
&§(A¢) and corresponds to the difference between 2 successive phase measurements,
provided the hour angle change is reasonably small.

If we differentiate Eq. 86 with respect to hs’ we obtain

- d in - g Aad
5(Ad) = [211 ~ cos & cos DL sin 75 (HL hs)( 2 Ahs)] ]

ADL

L d - i o -n (T L
- sz X oS 6 sin DL sin 15 (HL hs)(12 Ahs)} =7

d ™ ™ m
+ [21’1’ N cos & cos DL cos 1z (HL—hs)(12 Ahs)} i2 AHL. (88)

To compute Ad, ADL, and AHL, we must form a system of 3 equations by meas-
uring 3 successive phase changes; each measurement is separated from the next by a
reasonable hour interval. From the data in Table 20 we can form Table 22, which shows
the hour angles at which the measurements were taken, the hour angle intervals, and

the phase changes.

Table 22. Parameters used to solve for Ad, ADL, and AHL,
obtained from Table 21.

Source Hour Hour Angle Phase
Angle Change Change
(h) (h) (deg)
h Ah 5(Ad)
S S
1.3 0.6 36.5
1.86 0. 52 58.5
2.4 0.55 132

If we use Eq. 88 and the values given in Table 22, we obtain the following system

of equations:
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30.9Ad — 3.88AD, —47. ZAHL = 0.68

L

29.4Ad — 3.69AD,; —32.4AH, = 1.02

L L

33.15Ad —~ 4. 17AD. — 24. 9AHL = 2.30

L
The solution of this system yields

Ad = 1101 m, AD; = 8045°, AHL = 0. 056 h.

L

These values are not realistic. We then proceed to solve the first two equations of the
system by setting Ad = 0. This assumption is reasonable because the baseline length

was measured rather accurately. Then the solution of the new system gives

ADL = =0.55° = =33 minutes of arc.

AH, = 0.03 h = 27 minutes of arc.

L

These uncertainties in the baseline declination and hour angle are quite possible.
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VII. CONCLUSION

When work began on the Ku-band interferometer three years ago, there was not much
to it except two antennas, an available roof, and our determination and enthusiasm.
Today, we have a working prototype for interferometric work at a wavelength of 1.75 cm.
With some more work, especially on the problem of interference, and with the improve-
ment of the signal-to-noise ratio, we believe that this interferometer will add to our
knowledge of some discrete radio sources like the Crab Nebula, Venus, Cas A, Cyg A,
and possibly some HII regions.

Possible solutions for the interference problem have been discussed in section 6. 3.
The signal-to-noise ratio can be improved by using larger antennas or low-noise front
ends as parametric amplifiers, or both. As we have pointed out, in any future rear-
rangement of the interferometer an E-W baseline is strongly recommended.

With the discovery of strong HZO sources, use of the interferometer for H,O line
work becomes possible. For instance, atthe maximum baseline spacing of 100 m the
interferometer will be able to resolve features separated by 10% of arc. As well as rel-
ative position measurements, we can study the atmospheric phase effects at different
baseline spacings by monitoring HZO sources. The conversion of the continuum Ku-band
interferometer to an HZO spectral-line interferometer would be simple, since we already
have two phase-locked front ends. For the back end we recommend 30 channels each
with a 20-kHz bandwidth. This would give us a total bandwidth of 600 kHz. Each channel
would consist of a FET multiplier. The HZO line sources have features that spread over
a bandwidth of 10 MHz. Thus, a synthesizer would have to be used as a second local
oscillator. Real-time data processing for all 30 channels will be feasible if we add an

arithmetic element to the PDP-8 computer.
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APPENDIX A

Circuits

We shall now show the circuits that were used to generate the 28-MHz and 300-MHz

local-oscillator synchronizing signals of the Ku-band interferometer. The 28-MHz

signal is generated from the 1-MHz standard in two steps: 1-7 and 7-28. Step-recovery
diodes were used to generate the harmonics (see Figs. A-1, A-2 and A-3). The 300-MHz
signal is generated from a 100-MHz crystal oscillator (see Fig. A-4).

Figure A-5
shows the circuit of the 300-MHz Class B power amplifier.
T 0.1 pF
0.1 uF 250 uH 1k e 0 uH
— —tp T~ £ 428 V
_L IN3024
10k $ 5100 pF == 30t
>
20 k 3
0.1 pF 270 STEP RECOVERY
0.1pF W —Df— - —¢s OUT
INPUT 9——{(—-« 2N 3504 2N3924 ’
w/HEAT SINK

0.1 uF 100 uH 0.33uH 2 50
200

10k
lew

== 0.1 pF

Fig. A-1. Harmonic multiplier (1-7 MHz).

88




(ZHIN 82-L) Jomdiy(nN  "¢-y "3rd
H 0l |
8 . r2 J NS 100k
089¢ 37100 002 47100 woi Szl
%013 0S NOIZ HTIB HT
S————AV NI
.n_i 4d 1| 4d b / &i u_i 10 6¢ //NT_S_ 2
Sw 816N2 — vEl 2 m_mwm\ St ax _
ZHW 8 100 H7 22 Hize| = 100 4429
- oi-| AY3A003Y d31S 5ol
n_i_0.0 ui_0.0
6 % o€ 6 %6 4d oog L +SIE 3096 B
SE—Fdod ikd T A_‘
| | = \
hd N
FLANG
¥20ENI H™ Ol
—000 - —— 00 N/
H™ Ol H™ 01 M 096G
ELATO L 47100
T LT A 82+
ZHW L anNve doLs
SSvd aNvE ZHW |
s " g M
<L 47 |07
% 0l L 47 100 | | 1 »
woom 4710 095 00LL H7800 0092% EH7.'2
%02
‘I9XTWI dTUOWI
; . 816N2 H™ Ol H7 0l H7¢e |H"g¢
-Jey woaj ynduy *d-d A 2°0~ SaSoU I 816N2 MYy [
mdinO  (ZHW L) Jeryridwy 47100 4d 29 4d 29
= _ I\ AT
P . - = L n
eV Bd o soe-gl 440022 49 0022
L LR 4
e
8 8
9 =02 9 =0%2¢
= | = = ] =
AGI Hui 100 Hmi 100 Hu_i 00
AN — 0 H. 200~ H |_|
M 2/06! H™ 00l H7 001

10dNI

89



ONO1 W9L/¢
¥ILIWVIA W8 /L

ONOT w8/1
¥ILIWVIA B/ L

8L "ON SN¥NL ¥/cc & 8t ‘oN sNunL v/ez o
T
"(ZHIN 00¢)
Jeyrdwe 19mMod R 7 -t =4d oe
A 8T+
. = 4d G| =
‘S-v 314
.«« = o4y 1d 09
i RN |
" 'l 1
"
0001
998ENZ W
M1 P 44 09 ! \
05 4d ot = Lol ¥ ) vl-1
&
— —anes H
vi-1
A %
A b6 < AN
_ A6 |
A Sl
A Sl
tL A 82
. A L a0 =
(ZHIN 00€-001) aor1diyiniv T AT, T
p-v 8id H
v wo e e 4 10070
A
85 - oY
= NI
YSLPNL
¥3171d 4 4 100°0 ZHW 001
ZHW 00¢ ’ Tie
Wyl Ly Y
anve 053 ¢ it H T .
1no ~MO¥IYN 0z # t— 0z #
ZHW 00¢ O WY reLFNL ROD ¥V
A Sl <— —8 it I
oe#
wd G/ 41 10070

90




APPENDIX B

Computer Organization

The PDP-8 4K memory is divided into 32 pages. FEach page consists of 128 regis-
ters. The registers of page "0' can be addressed from any other page directly; indirect
instructions must be used when addressing a register of a certain page from a register
of another page.

The most important instructions are presented and explained as follows.

INSTRUCTION CODE FUNCTION

AND 0000 logical and

TAD 1000 2's complement add

ISz 2000 increment and skip if zero

DCA 3000 deposit and clear Accumulator

JMS 4000 jump to subroutine

JMP 5000 jump

10T 6000 in/out transfer

NOP 7000 no operation

CLA 7200 clear AC

CLL 7100 clear link

CMA 7040 complement AC

CML 7020 complement link

RAR 7010 rotate AC and link one location to the right
RAL 7004 rotate AC and link one location to the left
RTR 7012 rotate AC and link two locations to the right
RTL 7006 rotate AC and link two locations to the left
IAC 7001 increment AC

SMA 7500 skip on minus AC

SZA 7440 skip on zero AC

SPA 7510 skip on plus AC

SNA 7450 skip on non-zero AC

SNL 7420 skip on zero link

SKP 7410 skip

OSR 7404 inclusive OR, switch register with AC
HLT 7402 halt program

CIA 7041 complement and increment AC

LAS 7604 load AC with switch register

STL 7120 set link to 1

ION 6001 interrupt on

IOF 6002 interrupt off
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The DEC subroutines used in conjunction with the main program are the following.

SICONV single precision decimal-to-binary conversion and
input ASR-33; signed or unsigned

DMUL double precision multiplication

DUBDIV double precision division

DSIN double precision sine

DCOS double precision cosine

BPUN binary punch

DECPRT unsigned decimal print, single precision

SSPRNT signed decimal print, single precision
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APPENDIX C

Program Language

The program was written in machine language and is listed in the following pages.
On the first page the user's symbols are defined. The program uses up 29 out of the 32
computer pages that were defined in Appendix B. Although efficiency was one of our
concerns, it was not the primary one. In a new edition of the program use of the
Marco-8 machine language is recommended instead of the PAL-III machine language
that we used.
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SYMBOLS

ADRES 9160 HAKG apan PLOT YY)
ALFLG  ua2a WYIRR  €anT PNT? 6456
ALPHS LLEXY =R ANCL 4735 POINTP 1853
ARCHI 1635 HRHSE a036 POSARG 3334
aKG 3742 MINFC 245 POSD 2114
ARHI 1669 HR.IAN ART Y PROSO1 2051
ARXI 6170 R S L PROSO2 0052
;] atal MRS non7 PROSO3 0n53
RASL a%61 nR A721 PT256 6362
BASLD 6647 we1p S7aa PULSE a2z
BINP 4451 )7 AT PULSEP 5431
BPUN 4420 HR12 Pray PUN 4471
SPUNCH  $365S HRIZ® 8750 PUNCT 0167
RSLAMD 1157 D AT2a PUNL 4417
[ 4142 uR2E 8717 PUTY A372
CHKARG 3306 He o7 6795 PUTIP 1162
CKARG 9123 LERL 1551 PUT2 7373
CKSM «at6 H334P ST PUT2P 1163
CLABCD 5267 HR 7 1524 PUTA n374
CMINTG 0Olap HRATP 5754 PUT3P 1164
CM382 9125 1a avoa PUT4 n760
CNANO 5555 INCHK AD7 PUTAP 1345
CNTDEV  at4aa INTALW A&y RACAL f9230
CNTIN n379 INTFGR  my34 RACL 6617
CNTMZ  no22 wCR A3 RAS 6623
CNTM3 @24 wLF 4354 REDIVD 3137
CNTMé 2126 KRIK L RESET 1235
CNTN 2121 “2sa aha RESETP 5407
COMPE 8124 LEZLY SR ROTP 5355
COMPEN 5447 ) ak( A ROTIL 706
CONPNT 5406 Lol LK ROTILF 6200
CONSTe 1357 tere tIRS ROTIR @146
CONSTI 0185 LONGT 9743 ROTIRT 6143
CONST2 1355 LT arsn ROT2L 0147
CONST3 1361 LSOFIT 3947 ROT2LF 6314
CONST4 2107 MaLF 2164 ROT3L  ale2
CONSTS 1363 MALPH 1521 ROT3LF  623)
CONST9 @112 MEGa a2 ROT3R @070
CONSIB 2165 MEGA)  a3ay ROTIRT 6212
CONTB  B@5S ~FGY T ROTEL 0116
CONTC D056 MFGIIA  &154 ROT6LF 6275
CONTD  @n57 MEGRIT  1aR1 SAVEAC 5736
CONVER 0570 LIDGTE £ana SAVERL 2572
COSDDE 1166 Mo a4 SECS 0240
COSDIF 2360 MIULTM - a172 SICON @371
COSGaM 2770 MINS 2241 SICONV 2400
COSIM1 0132 MPIDT 3342 SIDHR® 0871
COSMDT 6460 MSa22a 1114 SIFTL 3352
CcOsTI 2126 ¥§7293  aras SILLY 6136
CRLF 6344 ¥51770 Aa75 SILY 1717
CRLFP 3166 MS7774 5147 SINDDE 2193
CTRI 4503 “1n0PT 3944 SINDIF 2362
CYCL36 1562 M2 a921 SINGeM 2772
CYCL37 1537 M212 4572 SINIMI @134
CYCLA3 6473 el 474 SINMDT 6462
CYCLAS 5417 3 n923 SINTI 2138
cza0 asna 330 5954 sLé 4587
D 4143 ~h e sL7 4506
DATA 2467 N 6611 SPRNT 5366
DATAC 3167 ~e 277 SR32 5704
DAYS 6618 NOAYS AHRS SR33 5706
DAYX24 5761 NOVICFE  ajay SR 5620
DAYZa 9537 hFGET - nnss SR37 5640
DCOS 5060 NFGATF 3244 SSADDR 4554
DCOSP 076 AEACLE  naus SSBOX 4561
DCPRNT a170 MIwBIN 2347 SSCNT 4562
DCa3 1379 AL aara SSCNTR 4568
DC45 1367 N192 5943 SSCON 4564
DDIVP 0847 NI kaup SSMNS 4557
DECAL 6663 A125 2357 SS0UT 4545
DECB 6643 N7 1754 SSPLUS 4556
DECL 6633 i atn SSPRNT 4510
DECLB 6667 £22 1752 S5TWO 4555
DECPNT 1366 Nazp T4 SSVAL 4563
DECPRT 5000 N34 AS74 SSXYZ 4526
DECS 6637 N34NA AKA4 STDECL 6654
DEC) 6727 N3ARR 1760 STOECS 6657
DECIZ 6711 n5171 1762 STEPI 0764
DEC12 2009 NSAlA 1754 STEPIP 5747
DECI2P 5756 N>aa? 1752 STEP2 8762
DEC2 6732 Ned 4427 STEP2P 5742
DEC2Z 6715 AR Sa4k STIME 1515
DEC43 6464 A7224  B5AK STORE  nla2
DEC43P 5760 NRAAYY  AAAAK STPNT 2133
DECaS  Sa1e PAGF 14 2aan SUMPEL 6743
DECASP 5757 »AGFIL 2627 SuM1 a15e
DEGR 8564 PAGEI? 3000 Sume #153
DEGRS 0274 PAGEI3 3209 TEMPO 0083
DELTS 6665 PAGF2 A4 TEMP1 0095
DIVNDA 4335 POGF21 5740 TEMP2  A006
DIXE #1157 PAGE22 5 a4n TEMP3 @207
DMEGA 3255 PAGEPa 40D TEPI 4505
DMINS 8277 PAGFR  a4an TIME An25
DMUL 4002 PAGES 1729 TMINC 8115
DMULTP  @@54 Paces 1247 TMINCR  625@
DSECS 9317 2aGRA  1aaa TOPOS @156
DSIN 3480 pages 2270 TRANPR 5725
DSINP  #Q77 Paci1a 2347 TRANSF 1721
DUBDIV 4200 PAGLY 2974 TRANSX 2067
D1RS 5561 PARI2 2774 TRIA 4162
EN 1161 Pag13 3172 s 1713
ENTER @366 PaG2 - #37> TWOPT 3364
EX1 3166 PAG2L 3254 TYPE 6363
Fa 4581 pat2p 5372 TYPEPT 6355
FERE] 8572 PAGPA 4742 TYPO 165
FEREZ 0573 EYYS] LRSS VEL a110
FINADR 0164 PaGs a772 v1 6741
FLGCHK 5600 PAGS 1 WAIT 1643
FLGCK 0171 Bac 4 1am WAITST 1624
FRUNL 5334 PaGy 1225 WLONG 6675
FREQU ar66 PACY 1720 Yu 67137
GETI  A757 oal 21 DUBD1V=4208
GET2 1523 pora N DDIVND4= 4335
GET3 5751 paxe - A1e1 DMUL = 4080
GET4 5752 POMRFG A2 5 Y =alal
pre 2183 c  =ara2
bl =4)43
SICONV= 4600
DECPRT=5000
DSIN=34080
DCOS=5p60
ARG=13742
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JMP 1 FLGCK
KRIK, B
TEMPQ, 3

*5

TEWP1,0
TEMP2,3
TEMP3,0
25
ALFLG, 9
M2,-2
CNTM2,0
M3,-3
CNTM3,d
TIMESD
2

2
RACAL,®
)
a
ALPHS, 8
@

L)
HRBSL,®
L]

2
MEGA1,DMEGA
MEGA, ¢+ 1

E]

L]
e

e
ODIVP,DUBDIY
LOQUOT,DIVND 4
PROSO1.,0
PROSO2,08
PROS03,
DMULTP, DMUL
CONTH, 8
CONTC,C
CONTN, D

ROT IL,ROTILF
BASL, 8

8
LONGI, ?
a3

a

NEGAT, NEGATE
TRANSX, TRANSF
ROT3R,ROTIRT
S1DHR®, B

a2

9

M24,775@
MS7790, 7780
DCOSP,DCOS
DSINP,DSIN
RARG, ARG
LARG, ARG+ 1
ROT3L,ROTILF
SINDDE,Q

°
CONST!,9
L)
CONST4,9
]

[
CONSTY, ©
2

L)

TMINC, TMINCR
ROT6L,ROTELF
LIIRL
CNTM6,0

CNTN, 8
PW.SE» PULSEP
CKARG, CHKARG
COMPE, COMPEN
CM303.0
COSTI,®

L]
SINT1,®
2
COSIM1L9
]
SINIM1.®

a

INTEGR, 7777
4367
CMINTG,.8

STORE, SAVERL
NDVICE, -4
CNTDEV, @
MS70309, 7860
ROT{R» ROTIRT
ROT2L,ROT2LF
SUM1,8

]

2
Bt
a

a

TOPQOS, SUMPEL
DIXE,®
ADRES,»®
PAREsPARA
TRIA,3

INTADR, HRANGL
F INADR, SUMPEL+27
TYPO,TYPE
CRLFP,CRLF
PUNCT,TYPEPT
DCPRNT,DECPRT
FLGCK,FLGCHK
MIDLT™, A

L]

177
6540
L3

200

PGMBEG,CLA CLL

Tabv

nca
TAD
oca
s
nca

oca
TAD
DCA
HRS,

ENTER
10
NUMBIN

CNTIN
1 SICON

13

CNTM2
M3

CNTM3

MINS,TAD 1 18

Jms
JMs
N6
nca
TaD
oCcaA

1 MEGA1
1 pDIvVP

TEMP2
1 LQuoT
TEMP]

SECS,TAD 1 108

oca
TAD
JMS
JMS

PROS03
119

1 MEGA1
1 DDIVP

oCA
TAD
oca
TAD
nNCA
DCA
TAD
Jus

N34

oca
CLL
TAD
TAD
DCA
RAL
TAD
TAD
pca
TAD
DCA
152z
Jmp

MEGA+3
1 LouoT
MEGA+a
PROSO3
MEGA+2
MEGA* 1
MEGA

1 pDIvP
0

PROSO2

1 LOuoT
TEMP3
TEMP3

PROS02
TEMPZ
1IN
TEMPI
111
CNTM2
HRS

DEGRS,TAD 1 1

DCA
nca

TEMPO
ALFLG

DMINS,TAD I 1

DCA
TAD
swa
JuP
Cma
DCA
TaD
JMS
JMS
N6A
Dca
TaD
Dca
TAD
oca

DSECS,TAD 1

DCA
TAD
JMS
JMS

TEMP2
TEMP2
cLa
.3

ALFLG
TEMP2
1 MEGAL
1 DOIVP

TEMP2
1 LQUoT
TEMP3
ALFLG
TEMPL

PROSO1
119

1 MEGA1
1 DDIVP

Ni1ABe

oca
TaD
bCA
TAD
TAD
Dca
TAD
0cA
TAD
JMS

MEGA+3
1 LeuoT
MEGA+ 4
PROSO1
ALFLG
MEGA+2
ALFLG
MEGA+ 1
MEGA

1 DDIVP

N3620

DCA
TAD
DCA
TAD
bCA
CLL

Jmp
ENTE
NUMB
CNTT

PROS02

1 LeuoT
PROSO3
ALFLG
PROSO1

PROSO3
TEMPI
112

PROS02
TEMP2
112

TEMPO
PROSO1
TEMPL
112
12

LK

12

1 PaG2
R»DAYS=1
IN, - 42
NsD

SICON,SICONYV

PUT1
PUT2,

sTIME-1
»STDECL-3

PUT3, DECAL-1
PAG2,PAGE2

PAUS|

14

/CLEAR LINK AND ACCUMULATOR

ZINITIALIZE THE REGISTERS IN WHICH THE INPUT
/PARAMETERS GO

#DEPQSIT 1T IN REGISTER 10

ZINITIALIZE COUNT OF THE NUMBER OF

/PARAMETERS 10 BFE TYPED IN

/TYPE PARAMETER

/DEPOSIT IT BY MEANS OF THE SELF-INDEXING REGISTER 10
/HAVE ALL THE PARAMETERS TYPED IN?

/N0, JUMP 3 LOCATIONS BACK AND TYPE NEXT

#YES, GET THE FIRST OF THE REGISTERS IN WHICH THE
/INPUT PARAMETERS ARE STORED

/DEPOSIT IT IN 10

/INITIALIZE REGISTERS IN WHICH THE TIME, THE RIGKT
/ASCENSIONS AND

/DECLINATIONS ARE TO BE DEPOSITED

/AFTER THEY HAVE BEEN CONVERTED

ZINTD THE APPROPRIATE UNITS

/SET COUNT TO -4 FOR THE HOUR PARAMETERS

/SET COUNT TO =3 FOR THE OECLINATION PARAMETERS
/CONVERT FIRST THE HOUR PARAMETERSs OBTAIN THE
/HOURS, DEPOSIT INTO THE HOUR KEGISTER

/0BTAIN THE MINUTES

/DIVIDE BY 6@

/PLACE QUOTIENT IN TEMPORARY REGISTERS
/TEMP2 AND TEMP3

/0BTAIN THE SECONDS
/0BTAIN THE FRACTIONAL SECONDS

/DIVIDE BY 1099

/DIVIDE SECONDS BY 3600

/ADD MINS/68 TO SECS/3600

/DEPOSIT INTO THE HOUR REGISTER (TRIPPE PRECISION)
/DEPOSIT INTO THE HOUR REGISTER (TRIPPE PRECISION)
/1S COUNT B

/NO, JUMP BACK AND CONVERT THE NEXT PARAMETER
/YES, OBTAIN DEGREES COMPONENT OF THE DECLINATION
/DEPOSIT IN TEMPO

#CLEAR FLAG

/0BTAIN MINUTES

/DEPOSIT IN TEMP2

/1S DECLINATION NEGATIVE

/NQ, JUMP 3 LOCATIONS AHEAD

/YES

#SET FLAG TO -1

/DIVIDE MINS BY 6@

/DEPOSIT MINS/6@ IN REGISTERS TEMP2, TEMP3

/0BTAIN SECONDS
/0BTAIN FRACTIONAL SECONDS

/DIVIDE FRACTIONAL SECONDS BY 10900

/DIVIDE SECONDS BY 3600

/0BTAIN MINS/68 + SECONDS/3600

/DEPOSIT DECLINATION INTO A TRIPPLE PRECISION
/REGISTER, BY MEANS OF THE SELF-INDEXING REGISTER
/12« THE UNITS ARE IN DEGREES

/RE-INITEALIZE REGISTER 12

/JUMP TO PAGE 2
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*anp

TAD
oca
TAD
DCA
TaD

nca
TaD
Dca
JMS

PAGE?,DCA MEGA+4
132

MEGA+3

TEMP)

1 LeyoT
TEMP2

1 DMULTP

TEMP1

Pal
DCA
Jus
oca
TAD
bca
187
JMP
TAD
Deca
TAD
JMS
JMS

4a7

TEMP1

I ROTIL
13

| CONTB
113
CNTM3

1 DEGR
118
BASL
110

1 MEGA)
1 ppive

Ntag

oCca
TAD
JMS
JMs

TEMP]
s
1 MEGA)
T DDIVP

N1920

TAD
nca
444 TAD
oCA
JMS
TAD
bca
RAL
14D
TAD
nca
RAL
TAD
uca
JMs
TAD
DCA
TAD
DCA
TAD
pCA
ncA
TAD
JMS

TEMP1
BASL+)
FERE1

17

1 TRANSX
PROSO3
SIDHRA+2

TEMPO
PROS02
SIDHR@+ 1

PROSO1
SIDHRA
DAY24
TIME
MEGA+2
TIME+]
MEGA+3
TIMEe2
MEGA+ 4
MEGA+]
MEGA

1 DDIVP

N1a2e

DCA
TAD
nca
JMs

PROSO]

1 LOUOT
PROSO2

T DMULTP

CONVER
PROSO1

cLL
TAD
TAD
DCa
RAL
TAD
TAD
nca
QAL
TAD
TAD
nca
cLL
JMP

T07215,

TEMP3
TIME+2
TEMP3

TEMP2
TIME+)
TEMP2

TEMP1
TIME
TEMP)

1 107215
7215

*522

TAD
bca
JMS
TAD
oCA
RAL
TAD
TAD
DCA
RAL
TAD
DCA
JmMp

FERE2

L]

1 TRANSX
PROS03
LONGI+2

TEMPO
PRQOS02
LONGI+1

PROSO1
LONGI
1 PAG3

DAY24,9

TaD
DCcA
DCA
oca
nca
TAD

1 NDAYS
MEGA+2
MEGA+3
MEGA+4
MEGA+ 1
MEGA

1 DDIVP

N226

o}
TAD
DCA
JMS

TEMP1

1 LouoTt
TEMP2

1 DMULTP

TEMP}
CONVER

DCA
TAD
DCA
TAD
DCA
Jmp

TEMPL
1 CONTB
TEMP2
I CONTC
TEMP3
1 DAY2a

DEGR,DEGRS
NDAYS,DAYS
NT228,0070
2000

CONVER» 1166
6416
FERE1,HRJAN=|
FERE2, WLONG~-1
N226,0002

2608
PAG3,PAGED
PAUSE

/DIVIDE DECLINATION CIN DEGREES) BY 180

/MULTIPLY QUOTIENT 8Y PRI (77)

/DEPOSIT DOUBLE-PRECISION DECLINATION (IN RADIANS)
/BY MEANS OF THE SELF INDEXING REGISTER 13

/MAVE ALL THE DECLINATION COORDINATES BEING CONVERTED
/N0, JUMP BACK AND CONVERT THE NEXT

/YES, OBTAIN THE METEr COMPONENT OF THE BASELINE
/OBTAIN THE CENTIMETER COMPONENT OF THE BASELINE

/DIVIDE BY 109

/0STAIN THE MILLIMETER CONPONENT

Z0DIVIDE BY 1090

/0BTAIN THE GREENWICH SIDEREAL TIME AT JANUARY @

/CONVERT IT INTO HOUR UNITS AND DEPOSIT IT
Z/IN THE TRIPPLE PRECISION REGISTER SIDHKO

/G0 TO SUBROUTINE DAY24 N
/03TAIN GREEWICH CIVIL TIME (GCT) AND MULTIPLY 1T BY
#THFE. CONVERSION FATOR C1»9.857/3600

/DEVIDE BY 36@8

/MULTIPLY BY 9.857
/PRODUCT REGISTERS B AND C CONTAIN GCT*C1?

/ADD GCT+(DAYS)e24¢C|

/REGISTERS TEMP1» TEMP2, TEMP3 CONTAIN THE ABOVE SuUM

/0BTAIN THE LONGITUDE COMPONENTS

#CONVERT THEM [INTO A SINGLE UNIT (HOURS) NUMBER
/CONTAINED IN REGISTER LONGI, +1, +2

/JUMP TO PAGE 3
/MULTIPLY THE NUMBER OF DAYS THAT MAVE ELLAPSED
/SINCF JAN. @ BY 24%9.857/36002%.857/15@

/PUT THE NUMBER OF DAYS IN THE DIVIDEND

/DIVIDE BY 150

/MULTIPLY QUOTIENT BY 9.857

/DEPOSIT CONTENTS I[N KEGISTERS TEMPL, TEMP2

/AND TEMP3
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»630
PAGE3,CLL

TAD
cIa
nca
RAL
nca
TAD
cMa
TAD
ocA
RAL
nca
TAD
CMA
TAD
DCA
cLL
TAD
TAD
nca
RAL
TAD
TAD
bCA
RAL
TAD
TAD
DCA
TAD
TAD
sPa

LONGIe2
PROSO3

KRIK
LONGI+}

KRIK
PROSQ2

KRIK
LONGI

KRIK
PROSOY

PROSO3
TEMP)
TIME+2

PROS02
TEMP2
TIME+}

PROSO)
TEMP1
TIME
TIME
M24

JMP e 42

DCA
cLA
TAD
DCA
TAD
oCA
cMA
TAD
oCA

TIME
cLL
GET1
19
PUTa
1

M3
CNTM2

/NEGATE LONGITUDE

/OBTAIN (GST-LONGITUDE) AND DEPOSIT IT

ZIN THE TRIPPLE PRECISION REGISTER TIME» I, +2

/0BTAIN THE DIFFERENCE (TIME-24)

/1S5 DIFFERENCE POSITIVE?

#NO, JUMP 2 LOCATIONS AHEAD

/YES, DEPOSIT DIFFERENCE IN THE REGISTER TIME

/CONVERT THE ANTENNA COORDINATES

/0BTAIN THE INDEX POSITIONS OF THE KHOUR AND DECLINATION
/AXES OF THE DISHES BY MEANS OF THE SELF INDEXING
/REGISTER 10+ INITIALIZE LOCATIONS AT WHICH THE
/INDEX POSITIONS ARE TO BE DEPOSITEL AFTER THEY

/ARE CONVERTED

/SET COUNT TO -4

HRDEC, JMS I TRANSX/THE HOUR INDEX POSITIONS ARE IN UNITS OF HOURS,

TAD
Dca
RAL
TAD
TaD
DCA
TAD
bDca
TaD

pCA

TAD
pca
1872
JMP
TAD
OCA
DCA
DCA
DCA
TAD
JMS

NS37

nCA
TAD
nca
DCA
DCA
TAD
JMS
NI7
oca
TAD
nce
TAD
pcA
nca
nca
nca
TAD
JIMS

PROS03
PROSOY

PROS02
TEMPO
PRO502
PROSOI
111
PROS02
JER T
PROSO3
taf
CNTM2
HRDEC
Na2P
MEGA+2
MEGA+ 1
MEGA+3
MEGA+4
MEGA

1 DDIVP
1
MEGA+2
1 LouoT
MEGA+3
MEGA+ |
MEGA+a
MEGA

I DDIVP

STEP2

¥ LauoT
STEP2+1
N22p
MEGA+2
MEGA+)
MEGA+3
MEGA+4
MEGA

I npive

NS338

nca
TAD
nca
nca
DCA
TAD
BLES
N17
nca
TAD
bpCa
JMS
TAD
nca
pCcA
cLL
JMS

MEGA+2
1 Louot
MEGA+3
MEGA+?
MEGA+4
MEGA

1 DDIVP

STEP)

1 toyoTt
STEP1+1
I MIpL
VEL
TEMP )
TEMP2

1 DMULTP

BASL
FREGQU

DCA
TAD
DCA
TAD
bca
TAD
DCa
NOP
JMp

GET I

MEGA+1
I CONTR
MEGA+2
1 CONTC
MEGA+3
I CONTD
MEGA+4

1 PAG4
HR17Z=1

PUT4sHRI=1
N22P, 2200
STEP2,n

a2

STEP1,D
a

FREQ,2532
3146
VEL »300

MIDL,

MIDDL

PAGa,PAGE 4
PAUSE

/MINS, SECS AND THE DECLINATION ONES IN DEGREES, MINS,
/S5ECSs THE TRANSX SUBROUTINE CONVERTS THEM INTO SINGLE
ZUNIT NUMBERS: HOURS FOr THE HOUR ANGLES AND DEGREES
/FOR THE DECLINATIONS

/DEPOSIT CONVERTED INDEX COORDINATES BY MEANS OF

/THE SELF-INDEXING REGISTER 11

/HAVE ALL THE INDEX POSITIONS BEEN CONVERTED?
/NO» JUMP BACK TOQ HRDEC

/YES, COMPUTE HOUR ANGLE STEPPING INTERVALS
/EACH STEPPING PULSE INCREMENTS THE HOUR ANGLE
/0F ANT. #2 BY STEP2=(1.8/537.1)%1/15

ZOBTAIN 1.8/53741)

/DIVIDE QUOTIENT BY 15

/STEP1=(1+8/533.B2%1/15

Z/OBTAIN (1.8/533.8)

/DIVIDE BY 15

/G0 TO SUBROUTINE MIDL
/OBTAIN VELOCITY OF LIGHT
/DEPOSIT IT IN REGISTERS TEMP1,

TemP2
/FORM PRODUCT OF (FREW.)*(BASELINE)>=V# d

/DEPOSIT PRODUCT IN DIVIDEND

7JUMP TO PAGE 4




023

1036

~

=102
PAGE4, CLL

TAD MEGA
JMS 1 DDIVP
TEMP)

NCA BSLAMD
TAD I LOUOT
DCA BSLAMDe)
TLS

HLT

6311

6312

JUP .-

6321

6331

6324

6361

637%

6374

108

RESET,» 6374
CLA

cMa
TaDp
DCA 12
TAD
DCA 13
TAD
DCA 14
TAD
bca 15
TAD
DCA 16
POINTP,
TAaD 1 12
DCA CNTN
TAD I 13
pCa TEMPI1
Tan 1 13
pCa TEMP2
TAD I 13
nca TEMPR
L
TAD
TAD
pca
AL
TAD
TAD
nca
2AL

6374

TEMP]
HRASL+2
CONST9+2

TEMP?
HRBSL+1
CONST9+)

TAD
TAD
nCca
TAD
DCA 19
TAD I
DEA 1
TAD 1
oca 1
JMs T
DECLB
TAD I
DCa t
TaD I
i
I
8
1
T
1
1
T

TEMPY
HRBSL
CONST9

DCA
JH¥S
DECL!
TAD
nca
TAD
DCa
JIMS
LCT
TAD
nca
TAD
DCA
JIMS
LCT
TAD
nca
TAD
oca
JuS 1
LCT+2
LCT+6
DCA TEMPI
JMs 1 ROTIL
OCA COSDDE
TAD 1 CONTB
DCA COSDDE+ 1
J¥S 1 DMULTP
LCT+4

LCT+R

DCA TEMPI
JMS 1 ROTIL
DCA SINDDE
TAD 1 CONTR
DCA SINDDEs1t
JMP 1 PAGS
BSLAMD, @

a

EN, N

-
>
o
@

1
119
1
1

DMULTP

PUT1IP, RACAL-1
STDECL-3
DECAL- 1

PUT2P,
PUT3P,
LCTP» LCT=)
COSDDE»®

(]

P

AGSs PAGES
PAUSE

/THESE NOP INSTRUCTIONS WERE INSERTED
78 TER A CORRECTION WAS INTRODUCED
/IN THIS SECTION OF THE PROGRAM

s08TAIN (Ixdd/c

/DEPOSIT QUOTIENT (dl}) IN THE DQUBLE-PRECISION
/REGISTER BSLAMD
/START CLOK

/PROGRAM HALTS

/RESET SKIP FLIP-FLOP

/HAS CLOCX ARRIVED? YES» SKIP

/NO, JUMP ONE LOCATION BACK

/CLEAR CLOCK INTERRUPT

/CLEAR TIME-CHECK INTERRUPT
/ACTIVATE CLOCK INTERRUPT

/CLEAR TRACKING PULSE (#2) INTERRUPT
/CLEAR TRACKING PULSE (#1) INTERRUPT
/DEACTIVE TRACKING INTERRUPTS

/TURN INTERRUPT ON

/GET REGISTER THAT CONTAINS THE NUMBER OF
ZINTGRATION CYCLES ON THE CALIBRATION SOURCE
/DEPOSIT IT IN THE SELF-INDEXING REGISTER 12
ZINITIALIZE REGISTERS CONTAINING THE RIGHT ASCENSIONS
/0F THE TWO SOURCESs DEPOSIT INITIAL REGISTEr IN 13
ZINITIALIZE REGISTERS CONTAINING THE DECLINATIONS

/0F THE TWO SQURCES IN RADIANSsS DEPOSIT IN 14
#INITIALIZE REGISTERS CONTAINING THE DECLINATIONS OF
/THE TWO SOURCES IN DEGREESS DEPOSIT IN 1S

/SET SOURCE IDENTIFICATION INUEX TO =23 -2 CORRESPONDS
/TO THE CALIBRATION SOURCE AND -1 TO THE REGULAR
/SJIURCE

/GET THE NUMBER OF INTEGRATION CYCLES FOR THE SQURCE
ZUNDER EXAMINATION) DEPOSIT IT IN KEGISTER CNTN

ZGET THE RIGHT ASCENSIUN

/DEPOSIT IT IN RTGISTERS TEMPl, TEMP2, TEMP3

/0BTAIN Hellx(HOUR ANGLE OF BASELINE)+(R.
/SOURCE)

ASCENSION OF

/REGISTER CONST9, +1, +2 CONTAINS (HeX)
ZINITIALIZE REGISTERS FOR SCRAP CALCULATIONS
/DEPOSIT INITIAL REGISTER LCT INTO 10

70BTAIN HIGH ORDER DECLINATION IN RADIANS
/DEPOSIT 1T INTO LCT

/0BTAIN LOW-ORDER DECLINATION IN RADIANS

/DEPOSIT IT INTO LCT#1

/0BTAIN COSINE OF THE BASELINE DECLINATION (COS D)
/DEPOSIT HIGH ORDER COSINE IN LCT+2

/DEPOSIT LOW ORDER COSINE IN LCT+3
70BTAIN COSINE OF THE BASELINE DECLINATION (SIN D)

/DEPOSIT IN LCT+4

/DEPOSIT IN LCTeS S
/0BTAIN COSINE OF THE SOURCE DECLINATION (C050)

/DEPOSIT INTO LCT+é6
/DEPOSIT INTO LCT+7 S
70BTAIN SINE OF THE SOURCE DECLINATION (SINO)
/DEPOSIT INTQ LCT+8

/DEPOSIT INTQ LCT+9
/MULTIPLY COS$COSD

/ROTATE CONTENTS OF TEMP1, CONTB, CONTC BY ONE LEFT
/REGISTERS COSDDE, +1 CONTAIN cosécosp

/MULTIPLY SleSlND

#REGISTERS SINDDE, ¢1 CONTAIN SIN:SIND

/JUMP TO PAGE 5

*12080

PAGES»

LCTe6
LCTe4

DCcA
Jus
nCA
TAD
DCA
JMS

TEMP)
1 ROTIL
CONSTI
I CONTB
CONSTI+1
1 PMULTP

LCT+2
LCT+8

DCA
JMS
DCA
TAD
nca
JMS

TEMP1
1 ROTIL
GONST2
1 CONTB
CONST2+1
1 DMULTP

RSLAMD
CONST)

DCA
JMS
DCA
TAD
nca
JMS

TEMPI
1 ROTIL
CONST1
1 CONTB
CONST1+1
I DMULTP

BSLAMD
CONST2

ncA
JMS
oca
TAD
nca
JMS
PAl

TEMP1

BSLAMD

ncAa
TAD
oCcA
TAD
oca
TAD
ocA
TAD
JMs

MEGA+1

1 CONTB
MEGA+2

1 CONTC
MEGA+3

1 CONTD
MEGA+ 4

MEGA

1 DDIVP

NB6ANA

nca
TaD
ncA
JMS

CONSTA

1 LQuoT
CONSTR+1
T UMULTP

CONST@
COSDDE

DCA
JMS
DCA
TAD
oca
JMS

TEMPI

1 ROTIL
CONSTR

I CONTB
CONSTA+1
1 DMULTP

BSLAMD
LCT+2

DCA
JMs
pCA
TAD
bCA
JMS

TEMP

1 ROTIL
CONST3

1 CONTB
CONST3+)
1 DMULTP

BSLAMD
SINDDE

nCA
JMS
DCA
TAD
DpCA
TAD
DCA
JMS

TEWP1

1 ROTIL
CONSTa

I CONTB
CONSTA+]
I, CONTC
CONST4+2
T DMULTP

ASLAMD
COSDDE

nca

ams

nca

TAD

nca
/328 TaD
~ DCA
TAD
DCA
14D
pCca
TAD
oca
JMS
mS
Jms
s
TAD
oCA
TAD
DCA
TAD
DCA
TAD
oca
TAh
DCA
TAD
nca
TAD
oca

/353
— Jwp

TEMP1
1 ROTIL
CONSTS

1 CONTB
CONSTS+ 1
PUTaP

"

115
PROSO3
115
PROSO2
115
PROSO1

1 DECPNT
1 DCAS

1 DECPNT
1 DCA3
PUTAP

1
PROSO1

1 PAGé

CONST2,08

2
CONST2,0

CONST3,2

L
CONSTS,9
?

PUT4AP,DECI-1
DECPNT,DEC12

DCAaS,

DECA4S

DCa3,DECA3
PAG6,PAGES
PAUSE

97

JMS 1 DMULTP

/MULTIPLY COSISIND

/REGISTERS CONST1s +1 CONTAIN COSSSIND

/MULTIPLY COSDSIND

/REGISTER CONST2, +1 CONTAIN COSPSING

s08TaIn dpy cos¥sinD

/CONSTL, +1 CONTAIN dg coslsinp

s087a1N 94, COSDSING

/REGISTERS CONST2, +t CONTAIN ‘400505]“5
/FORM PRODUCT 27"‘&,

/PYT PRODUCT INTO DIVIDEND

/DIVIDE BY 86,400

ZCONST@A, +1 CONTAIN (2”/86450)‘(‘/})

/MULTIPLY (CONSTO)*COSDDE

ZREGISTEKS CONST@, +1 CONTAIN (21‘/36466)‘(‘/})‘(205)’0050

70BTAIN <97y)5C05D

/REGISTERS CONST3, +1 CONTAIN (4})!5050

/0BTAIN (d/))-slnsklnp
/REGISTERS CONSTA, +1, +2 CONTAIN (drprssinfsinp
muLTIPLY cdryrecosfcoso

/PRODUCT 1S DEPOSITED IN REGISTERS CONSTS, +1

/POINT DECLINATION

ZINITIALIZE THE REGISTERS CONTAINING THE DECL INATION
/AT WHICH THE DISHES ARE POINTING) DEPOSIT INITIAL
/REGISTER IN 11, GET DECLINATION OF THE SOQUKCE

/REGISTERS PROSO1s 2, 3 CONTAIN THE SOURCE DECLINATION
#GO TO SUBROUTINE DEC12
/G0 TO SUBROUTINE DEC4S,
/60 TO SUBROUTINE DEC12
/GO TO SUBROUTINE DEC43, POINT DECL. AXIS OF ANT. #2
/RE-INITIALIZE THE REGISTERS CONTAINING THE DECLINATION
/AT WHICH THE DISHES ARE POINTING

/DEPOSIT THE NEw DECLINATION POSITION OF DISHES

/BY MEANS OF THE SELF-INDEXING REGISTER11

ZINTO REGISTERS DECl, 1, +2

/FOR DISHES #1 AND #2 RESPECTIVELY

POINT DECL. OF ANT. #1

4JUMP TO PAGE 6




1525

1400
PAGES, TAD TRIA
TAD TRIA
TAD TRIA
1aC

JMS 1 MEGA1
JMS 1 DDIVP
N60

DCA TEMP2
TAD 1 LOuoT
DCA TEMP3
cLL

TAD TIMEe2
TAD TEMP3
DCA STIME+2
RAL

TAD TIME+}
TAD TEMP2
DCA STIME+1
RAL

TAD TIME
JMP 1 1576
TAD 13

TAD M3

DCA 13

TAD 1 13
DCA TEMPI
TAD 1 13
DCA TEMP2
TAD 1 13
DCA TEMP3
JMS | NEGAT
TAD TEMP1
DCA MALPH
Tap TEMP2
DCA MALPH+1
TAD TEMP3
DCA MALPH+2

TAD TEMP3
TAD STIME+2
DCA PROSO3

TAD TEMP2
TAD STIMEs]
DCA PROSO2
RAL
TAD TEMP1
TAD STIME
DCAa PROSOL
TAD PROSO1
SMa CLA
JMP.sS
TAD M24
cla
TAD PROSO!
DCA PROSO1
TAD GET2
DCA 11}
JMS 1 HRPNT
JMS HR3IT
JMS I HRPNT
S HR36
TAD GET2
DCA 11
TAD PRNSDI
Dca I 11
TAD PR0OSO2
oca 1 11
TAD PROS03
pca 1 t1
TAD PROSQ1
nea 1ot
TAD PROSD2
a1l
TAD PROS03
DCA 1 M
JMP T PAG?7
STIVE,9
?

2
MALPH, 0
@

[
GET2,HR1-1
HRPNT,HR12
PAGT,WAITST
HR37,0

JMS 1 DMULTP
TEMPY

N5338

DCA TEMPI
TAD 1 CONTB
DCA TEMP2
DCA TEMP3
JMS 1 NEGAT
CYCL37,CLA
6411

6372

6412

JMP.-1

JMS 1 PULSE
TAD TEMP1
SPA CLA

JMP CYCL37
JMP 1 HR37
HR35 -8

JMS I DMULTP
TEMP1

NS3T1

DCA TEMP1
TAD 1 CONTB
DCA TEMP2
DCA TEMP3
JMS 1 NEGAT
CYCL36,CLA
6411

6362

64)2

JMP .-

JMS 1 PULSE
TAD TEMPI
SPA CLA
JMP CYCL36
JeP 1 HRIG
*1576

6550

PAUSE

/POINT HR ANGLE
ZESTABLISH A 18 MIN« LEAD TIME

/DIVIDE 1T BY 67

/ADD 18760 TO PRESENT TIME
/REGISTERS STIME, ¢, +2 CONTAIN THE 1IME

/AT WHICH TRACKING IS TO START

/JUMP TO A ROUTINE TO CHECK IF STINE<24
/REINITIALIZE THE REGISTERS CONTAINING THE RIGHT
/ASCENSION AT WHICH THE DISHES ARE TO BE POINTED

/DEPOSIT THE RIGHT ASCENSION & IN REGISTERS
/TEMP1, TEMP2, TEMP3

/NEGATE RIGHT ASCENSION

JREGISTERS MALPH, +1, +2 GONTAIN (- &)

/FORM (STIME ~&>3 THIS DIFFERENCE

/1S THE HOUR ANGLE AT WHICH THE DISHES MUST
/POINT3 THIS HOUR ANGLE IS STORED IN
/REGISTERS PROSO1, PROSO2, AND PROSO3

/0BTAIN INTEGRAL PART OF
/15 IT NEGATIVE

/N0, JUMP FIVE POSITIONS AHEAD
#YES, ADD TO IT 24

THIS HOUR ANGLE

/FORM PROSO1 + 24

/DEPOSIT 1T IN PROSO1

ZINITIALIZE AGAIN THE REGISTERS THAT CONTAIN THE
/HOUR ANGLEAT WHICH THE DISHES ARE TO BE POINTED
/JUMP TO SUBROUTINE HR12
/JUMP TO SUBROUTINE HK37.
/JUMP TO SUBROUTINE HR12
7JUMP TO SUBROUTINE MR36, POINT HOUK AXIS OF ANT#2
/REINITIALIZE HOUR ANGLE REGISTERS

POINT HOUR AX1S OF ANT. ¢t

70BTAIN THE 'NEW HOUR ANGLE POSITION OF DISH 71
/DEPOSIT IT IN HOUR] (TRIPPLE PRECISION)

70BTAIN THE NEW HOUR ANGLE OF DISH #2
/DEPOSIT IT IN HOUR2 (TRIPPLE PRECISION)

7JuMP TO PAGE 7

O

1720

/SUBROUTINE FOR POINTING ANT. #1
/MULTIPLY (SOURCE HOUR -~ DISH HOUR)#15#(533.8/1.8)

/TEMP1, TEMP2, TEMP3 NOW CONTAIN THE NUMBER OF PULSES
/NEEDED TO POINT THE HOUR OF ANT. #1

ZINITIALIZE PULSE COUNT (NEGATIVE NUMBER)

/SEND STEPPING PULSE TO ANT.#1
/WALIT FOR RETURN PULSE
/GO TO SUBROUTINE WHICH INCREMENTS COUNT OF PULSES
/6ET THE PULSE COUNT

/1S 1T LESS THAN ZERO?

/YES, SEND NEXT STEPPING PULSE

/N0s JUMP OUT OF THE SUBROUTINE
/SUBROUT INE FOR POINTING MOUR OF ANT. #23
/TO HR3T EXCEPT FOR GEAR RATIO

SIMILAR

98

%1620
WAITST, 6334
6311

6312

JMP =1

Jms 1 TMINC
6321

JaMs 1 177
6324

1 NEGAT

TEMP3
1 TSe2
TEMP3

TEMP2
1 TSel
TEMP2

TEMPL
17Ts
TEMPI
TEMPL
cLa
JMP WAITST
6361

6371

6304

6434

6364
ARCHI,CLA
LAS

TAD MST009H
SNA

JMP WART
JMP ARHI
WAIT,CLA
DCA TEMPO
157 TEMPO
JMP.~1
CLA

LAS

TAD MS7008
SNA

JMP WALT
AND MS5420
SNA

JMP ARHI
JMP | SILY
ARH1, 10F
6311

6312
JMP.-1

JMS I TMINC
6334
Ton
TAD
nca
TAD
ocA
TAD
nCca
JMS
cLL
14D
TAD
DCA
RAL
TAD
TAD
DCA
RAL
TAD
TAD

TIME
TEMP)
TEMEe]
TEMP2
TIME+2
TEMP3

1 NEGAT

TEMP3
CONST9+2
TEMP3

TEMP2
CONST9+1
TEMP2

TEMP 1
CONST9
DCA TEMP
JMP 1 PAGY
TS»STIME
STIME+]
STIME+2
MS400, 400
SILY,SILLY
PAGY, PAGES
TRANSF , @
TAD 1 10
DCA PROSOI
TAD 1 10
JMS 1 MEGA1
JMS 1 DDIVP
N6a
ncA
TAD
DCA
TAD
DCA
pCA
TAD
DCA
DCA
TAD
JaMs

PROS02
1 LQUOoT
PROS03
110
MEGA+2
MEGA+1
110
MEGA+3
MEGA+ 4
MEGA

1 DDIVP
N364A

DCA TEMPO
cLL

TaD [ LOUOT
JMP 1 TRANSF
N22,2208
2300
N5442,0054
4200

N5416,8954
1699
N17,0017

@
N5338,0123
3200
N5371,4123
7300

PAUSE

/DEACTIVATE CLOCK INTERRUPT

/CLEAR SKIP FLIP-FLOP

/HAS CLOCK ARRIVED?

/NO, JUMP ONE BACK

/YES, INCREMENT TIME

/CLEAR CLOCK INTERRUPT FLAG

/DEPOSIY PRESENT TIME IN REGISTERS TEMPI,
/ACTIVATE CLOCK INTERRUPT

/NEGATE TIME

TEMP2,& TEMP3

/FORM DIFF.=(STARTING TIME)=(PRESENT TIME)

/THE DIFFERENCE 1S DEPOSITED IN TEMP1,TEMP2,2TEMP3

/GET THE INTEGRAL PART OF DIFFEKENCE

#15 IT NEGATIVE?

/NO, JUMP TO WAITST

/YES» CLEAR TRACKING INTERKUPTS #36 & #37

/CLEAR COUNTERS GENERATING TKACKING PULSES
/SET DIRECTION TO CW
/ACTIVATE TRACKING PULSE INTERRUPT

/DEFOSIT SWITCK REGISTER IN AC

/ADD 7009

/1S AC ZERO?

/YES, JUMP TO WAIT

/N0, JUMP TO ARHI

/THIS IS A WAITING LOOP IN CASE THERE IS A BREAKDOWN

ZIN THE SYSTEM3 ENTER IT BY MAKING THE
/SWITCH REGISTER 10820
/CLEAR AC

/READ SWITCH REGISTER AGAIN
/ADD 7989

/1S THE AC NON-ZERO

/NO, JUMP BACK TO WAIT
/YESs, MASK AC WITH 4900

/1S AC NON-ZERO

/N0, JUMP TO ARHI

/YESs DO TIME-CHECK

/TURN INTERRUPT OFF

/WALT FOR CLOCK

/INCREMENT TIME

/DEACTIVATE CLOCK INTERRUPT
/TURN INTERRUPT ON
/DEPOSIT THE PRESENT TIME
/TEMP1, TEMP2, STEMP3

IN REGISTERS

/NEGATE THE TIME

/COMPUTE He-{3 DEPOSIT IT IN TEMPI, TEMP2, ETEMP3

/JUMP TO PAGE 9

/TH1S SUBROUTINE CONVERTS HOUR ANGLES GIVEN

/IN HOURS, MINS., SECS.» &FRACTIONAL SECS.

/AND DECLINATIONS GIVEN IN DEGssMINS.,SECS«,2FR.
ZINTO SINGLE UNIT TRIPPLE PRECISION NUMBERS

SECS




2000

DEC12,08
TAD
bDCA
TAD
nca
TAD
DCA
JMS
CLL
TAD
TAD
DCA
RAL
TAD
TAD
DCA
RAL
TAD
TAD
Plor)
DCA
TAD
JMS
N22
Dca
TAD
DCA
DCA

1 NEGAT

PROSO3
TEMP3
MEGA+3

PROSO2
TEMPZ
VEGAs2

PROSO!
TEMP{
MEGA+ |
MEGA+ 4
MEGA

1 DDIvVP

TEMP)

I LeuoT
TEMP2
TEMP3
TAD TEMPI
SPA CLA
JMP.+a

6434

JMS5 1 NEGAT
JMP .43

cLa

6454

JMP 1 DECI12
HR12,0

TAD I 11
DCA TEMPY
TaD
DCA
14D 1 11}
nca TEMP3
JMS T NEGAT
cLL
TAD
TAD
LCA
RAL
TAD
TaD
DCA
RAL
TAD
TAD
DCA
TAD
ELEY

TEMP2
PROSQ3
TEMP3

TEMP2
PROSO2
TEMP2

TEMP
PRCSO1
TEMPY
TEMP Y
CLA

JMP POSD
JMS 1 NEGAT
TAD M6

TAD M6

TAD TEMP1
SPA CLA
JMP.+ 10
64a3a

J¥S 1 NEGAT
TAD M24

CIA

TaD TEMP)
DCA TEMP]
JMP STPNT
CLA

6454

JMP STPNT
POSD,CLA
TAD M6

TAD M6

TAD TEMR)
SMA CLA
JMP.e3

6434

JMP STPNT
CLa

6454

JMS 1 NEGAT
TAD M24

Cla

TAD TEMP)
OCA TEMP]
STPNT,CLA CLL
TAD TEMP1
DCA MEGA+1
TAD TEMP2
DCA MEGA+2
TAD TEMP3
DCA MEGA+3
DCA MEGA+4
TAD MEGA
JMS I DDIVP
N22
DCA TEMPI
TAD I LQuoT
DCA TEMP2
JMS 1 DMULTP
TEMP1

N1T

TAD 1 CONTB
DCA TEMP)
TAD I CONTC
DCA TEMP2
JMP 1 HR12
PAI,3110
3755
PI12,2060
25198

CONS 19,2000
A363

PAUSE

/DECL INATION POINTING SUBROUTINE
/GET PRESENT DECLINATION POSITION OF THE DISH
/DEPOSIT IN TEMP1,2,3

/NEGATE DISH DECLINATION POSITION
Z/0BTAIN DIFF.=(SQURCE DECLINATION)-(ANT.

/DEPOSIT DIFF. INTO DIVIDEND REGISTERS

/DIVIDE DIFFERENCE 8Y 1.8 DEGREES

/DEPOSIT QUOTIENT IN TEMP1,2

/GET TEMP]

/1S 1T POSITIVE?

/NO, JUMP 4 POSITIONS AHEAD

/YES, SET DIRECTION CONTROLS TO Cw
/NEGATE TEMP1,2

/JUMP 3 POSITIONS AKEAD

/CLEAR AC

/SET DIRECTION 10 CCW

/JUMP QUT OF THE SUBROUTINE

/HOUR ANGLE POINTING SUBROUTINE
/GET PRESENT HOUR ANGLE

/DEPOSIT 1T IN TEMP1, TEMP2, &TEMP3

/NEGATE TEMP1, TEMP2, LTEMP3

/0BTAIN DIFF.x(SQURCE HOUR)= (ANT+ HOUR ANGLE)

/REGISTERS TEMP1,2.3 CONTAIN DIFFERENCE D
/GET THE INTEGRAL PART OF D

/IS 1T NEGATIVE? CLEAR AC

/N0, JUMP TO POSD

/YES, OBTAIN ITS ABSOLUTE VALUE D

/FORM [D]-12

/1S AC POSITIVE? CLEAR AC
/NO, JUMP 8 LOCATIONS AMEAD
/SET DIRECTION TO CW
/NEGATE TEMP1,2,3

70BTAIN 2a-p
/DEPOSIT IT IN TEMP1
/JUMP TO STPNT

/SET DIRECTION TO CCW
7 JUMP TO STPNT

/0BTAIN D-12

/1S AC NEGATIVE? CLEAR AC
/NOs JUMP 3 LOCATIONS AHEAD
#YES, SET DIRECTION TO CCW
ZJUMP TO STPNT

#SET DIRECTION TO CCW
/NEGATE TEMP1,2,3

#0BTAIN 2a-D
/DEPOSIT IT IN TEMPL

/DIVIDE ADJUSTED DIFFERENCE BY 1.8 DEGREES

/MULTIPLY THE QUOTIENT BY 15 DEG./HOUR

/TEMP1, TEMP2 CONTAIN (ADJUSTED DIFFERENCE)>*(15/148)
/THIS NUMBER 1S NEGATIVE

ZJUMP QUT OF THE SUBROUTINE

DECLINATION)

*2200
PAGE9,TAD TEMP)
4

TAD
5PA
SKP
DCA
CLA
JMs
JIMS

M2

TEMP1

1 ROTSL
1 DMULTP

TEMP1
PII2

DCA
JMs
TAD
DCA
JMs
ImS

TEMP)
1 ROT2L
I CONTB
TEMP2
1 CKARG
I DCOSP

TEMPI

TAD
neca
TAD
oca
JMS

I HARG
CcosT1

I LARG
COST1+1
1 DSINP

TEMP)

TAD
ocA
TAD
nCca
JMS

1 HARG
SINTI

1 LARG
SINTI+y
I DMULTP

CISTL
COSMDT

DcA
Jus
DCA
Tan
ncA
JMS

TEMPL

1 ROTIL
CoSulF

1 CONTB
COSDIF«+1
I DMULTP

SINTI
SINMDT

nca

™S
DCA
CLL
TAD
TAD
DCA
RAL
TAD
TAD
oca
JMS

TE 4”0
1 ROTIL
TEMP1

1 CONTB
COSDIF+1
COSDIF+1

TEMP)
COSDIF
COSDIF
1 DMULTP

SINTI
COSMDT

DCca
JMS
oca
TAD
neca
JMS

TEMP)

I ROTIL

PROSO1

1 CONTB

PROSO2

I DMULTP

COST!
SINMDT

DCcA
JMs
DCA
TAD
nca
ocA
JMs
CLL
TAD
TAD
DcA
RAL
TAD
TAD
DCA
JMS
CLA
CMA
TAD
TAD
nca
cLL
TAD
TAD
DCA
RAL
TAD
TAD
DCA
RAL
TAD
DCa
CcLL
TAD
TAD
nca
RAL
TAD
TAD
DCa
RAL
TAD
TAD
pCa
TAD
SMA

TEMP)
1 ROTIL
TEMPY
1 CONTB
TEMP2
TEMP3
I NEGAT

TEMP2
PROS02
SINDIF+1

TEMPY

PROSO1
SINDIF
1 COMPE

M6
TOPOS
V7

TIME+2
MIDLTM+ 1
TEMP3

TIME+ )
MIDLTM
TEMP2

TIME
TEMP Y

TEMP3
1 MALF+2
TEMP3

TEMP2
1 MALF+1
TEMP2

TEMP)
1 MALF
TEMP]
TEMP1
cLa

JMP.+S

TAD
cla
TAD
DcA
JMP

M24

TEMP1
TEMP1
1 PAGIR

COSDIF,D

a
SINDIF,®
"

MALF » MALPH
MALPH#+1
MALPHe+2
PAG12,PAGE1D
PAUSE

99

/GET INTEGRAL PART OF Mea-t

/ADD -24

/1S THE DIFFERENCE POSITIVE?

/NO, SKIP

/YES, DEPOSIT THE DIFFERENCE IN TEMP1

/ROTATE CONTENTS OUF TEMP1,2,3 6 POSITIONS LEFT
/FORM THE PRODUCT (¢ /12)#(Hei-1>

/DEPOSIT HIGH ORDER TERM OF THE PRODUCT IN TEMP1
/ROTATE PRODUCT BY 2 BINAKY POSITIONS LEFT
/ARGUMENT IS CON1AINED IN TEMP1,2

/CHECK IF =M{ARG LT
/0BTAIN cos<5o(no:-zy)

/REGISTERS COSTI»+1 CONTAIN c05(l1?|2)c(aod-f))
ZORTAIN SINCCT/12)s(Hen-1))
JREGISTERS COSTIs+1 CONTAIN SINC(T/12)s(Hed=1))

/MULTIPLY (COSTI>»COS((T712)#(T/2))

/WHERE T 1S INTEGRATION LENGTH

/MULTIPLY (SI»TI)tSlN((’le)'(T/2))

/FORM SUM OF THE TWO PRODUCTS

/DEPOSIT THE SUM IN COSDIF,+1

/COSDIF,+1 CONTAIN COSC(T/12)#(Heh-1-T/2))
/MULTIPLY (SINTI)#COSCCT/12)#(T/2))

ZMULTIPLY CCOSTId*SINC(T/12)%(T/2))

/DEPOSIT THE LAST PROUCT IN TEMP1,2,3

/NEGATE CONTAINS OF TEMP1,2,3

70BTAIN C(SINTIY#COSC(TIAR ) *(Hek=£=T/2) )~ (COSTII*
/SINCUT/12)9(T/2))
/DEPOSIT DIFFERENCE IN SINDIFs+1l

/SINDIF,+1 CONTAIN SINCCT/12)%(Hsd-E-T72))
/D0 DELAY COMPENSATION

Z/EINITIALIZE REGISTERS IN WHICH THE PARAMETERS
/SOURCE KOJR ANGLE, ULV ARE TO BE DEPOSITED

/DEPOSIT INITIAL REGISTER IN 17

/0BTAIN SUMs(PRESENT TIME)+C(INTEGRATION TIME)/2

/TEMP1,2,3 CONTAIN THE ABOVE SUM

/0BTAIN SOURCE HOUR ANGLE AT CENTER OF
ZINTEGRATION INTERVAL=f+T/2 - &

/DEPOSIT HOUR ANGLE IN TEMP1,2,3

/GET INTEGRAL PART OF HOUR ANGLE (TEMP1)
/1S 1T NEGATIVE?

/NO, JUMP 5 LOCATIONS AMEAD

/YES, ADD 24 TO TEMPI

/DEPOSIT SUM BACK IN TEMPQ
/JUMP TO PAGE 102




*2490

PAGE1A, JMS 1 ROT6L

T9
nca
TAD

DCA 1

JMS

TEMP1
117
TEMP2
17
1 DMULTP

CONST3
SINDIF

DCA
JMS
Dca
TAD
DCca
JMS

TEMP1

1 ROTIL
117

1 CONTS
117

1 DMULTP

CONST2
COSDIF

DCA
JMS
DCA
TAD
nca
DCA
Jms
cLL
TAD
TAD
oCa
RAL
TAD
14D
0CA
Tab
nCcA
TAD
0GA
TAaD
DCA
TAD
oca
DCA
DCA
nca
ocA
DCA
ncA
TAD
bca
CMA
14D
DCA
ncaA
sz
NP,
DATA
CMA
TAD
oca
63t
6312
JMP.
cLa
6743
NOP
NOP
NOP
Nop
NoP
pCA
6783
NOP
nOP
NOP
NOP
NOP
oca
6643
NOP
NOP
NOP
NOP
nop
DCA
6693
NOP
NOP
NOP
NOP
NOP
oca
6334
10N
Jms
TAD
DCa
1a0
oca
TAD
oca
TAD
oca
JmMs
SINt

TEMP1
1 ROTIL
TEMP|
1 CONTB
TEMP2
TEMP3
I NEGAT

TEMP2
CONST1+1
TEMP2

TEMP L
CONST!
TEMP1
TEMP1

CMINTG
INTEGR# 1
CMINTGe1
Sumi
SuMI+}
Stmre2
SimM2
SUM2s+ t
SuM2+2
M24
TEMPO

TOPOS
18
110
TEMPO
-2
» 10F

STORE
1

110

118

1 TMINC
COSTI+1
COSIME+1
CosT1
cosimi
SINTI#n
SINIMIs1
SINTI
SINIML

I DMULTP
M1

CONS19

DCA
cLL

DCA
JMS
cOost
CONS
DCcA
TAD
DCA
LY
JMS
cLL
JMP

TEMPI

COSIMIel
t CONTB
€OSTis1

TEMP1
COS1IMI
COSTI

1 DMULTP
L]

18
TEMPI

1 CONTB
TEMP2
TEMP3

1 NEGAT

1 PAG))

SAVERL,®
L

a
PAG11,PAGELL
AUSE

/ROTATE CONTENTS OF TEMP1,2,3 6 BITS LEFT
/GET THE ROTATED MOUR ANGLE AND

/STORE IT BY MEANS OF THE SELF-INDEXING
/REGISTER 17

/MULTIPLY (69})ac050051n<(ﬂ?lz;.(noq-t-rlz))
/THIS PRODUCT IS THE PARAMETER U

/STORE U

JMULTIPLY (97, )%COSDeSIN F2COSCC 1238 (Hed=1=T/2))
)

/DEPOSIT IT IN TEMP1,2,3

/NEGATE CONTENTS

/40D z‘/})ccos&smo TO TEMP1,2,3

/THE SUM IS THE PARAMETER V

/STORE V

.

/GET INTEGRATION TIME EXPRESSED IN NUMBER OF CLOCK
/PULSES ; INITIALIZE INTEGRATION INTERVAL COUNT
/CONTAINED IN REGISTERS CMINTG & CMINTG+1)

/CLEAR REGISTERS THAT STORE JCOS )
4

/CLEAR REGISTERS THAT STOREJ SIN'Y;
¢

/DEPOSIT ~24 IN TEMPO TO KEEP COUNT, 2
/THE 24 REGISTERS THAT STORE cosyi & 2{3:«)?
A OF THE FOUR DATA CHANNELS ARE LOCAIED BETWEEWN
/SUMPEL AND SUMPEL+27

/CLEAR THESE REGISTERS SEQUENTIALLY BY
7INCREMENT ING TEMPO

/INTEGRATION CYCLE BEGINS MERE
/INITIALIZE REGISTERS THAT WILL STORE THE
ZINPUTS FROM THE A-D CONVERTER
/DEPOSIT INITIAL REGISTER IN 19

/WALIT FOR THE CLOCK THAT WILL INITIATE THE DATA
/TAKING CYCLE

/SCAN INPUT DEVICE 74

/DEPOSIT BY MEANS OF SELF -INDEXING REGISTER 1@
/SCAN INPUT DEVICE 79

/DEPOSIT
/SCAN INPUT DEVICE 64

/DEPOSIT
/SCAN INPUT DEVICE 68

/DEPOSIT

/REACTIVATE CLOCK INTERRUPT

/TURN INTERRUPT ON

7INCREMENT TIME REGISTEP BY 8.2(1+8#.0027)/3608 HOURS
/GET COB((TT/12)ecHetl~ tint)

/DEPOSIT 1T IN SCRAP REGISTER

ZGET SINC(T/12) ¢ (Hex=£i))
/DEPOSIT IT IN SCRAP REGISTER

JMULTIPLY SINCCTZ12)#CHeX=£,1)14(27/ 8640801
72.2(140.0027)

/ADD TO THE ABOVE PRODUCT COSC(T/12)#(He&-£in)

7COSTI»+1 CONTAIN COSC(T712)%(H+&=£D)
ZMULTIPLY COSCC/Z12)%(Hel={ip) )12 (27/B6400)
/70.2(1+2.5027>

/NEGATE THE ABOVE PRODUCT

7JUMP TO PAGE 11

/THESE ARE THE FOUR REGISTERS IN
/WHICH THE DATA ARE STORED

7AS SOON AS THMEY ARE RECEIVED

100

*2600
PAGE11,TAD TEMP2 /FORM SINCCT/12) # (Hok=Li-0)=(2r/B6400)*

TAD
nca
RAL
TAD
TAD
o)
JmMs

SINIMI+t
SINTI+1

TEMP1
SINIMI
SINTI

T OMULTP

CONSTS
CosTI

nca
JMS
DCA
cLL
TAD
TAD
nca
RAL
Tap
TAD
neca
RAL
TAD
TAD
DncA
TaD
sMA

TEMP1
1 ROTIL
TEMPL

CONSTA+2
1 CONTC
PROSO3

CONSTa+}
1 CONTA
PRNSO?

TEMP L
CONST 4
PROSO1
PROSO1
cLa

JMP . +2

T4D
nca
TAD

cMa
AND
sza

M57000
ALFLG
M57300

PROSOR

IMP.+3

TAD
52ZA
TAD
DCcA
Jms
PAT

PROSO3
CLA
ALFLG
PROSO2

1 DMULTP

PROSO2

pca
JMS
TAD
DCA
JMS
JMs

TEMP)

1 ROT3L
1 CONT®
TEMP2

I CKARG
I DCOsP

TEMP?

TAD
nca
TAD
bpca
JMS

1 HARG
COSGaM

I LARG
COSGAM+ |
1 DSINP

TEMP]

TAD
bpca
TAD
Dca
JMS

I HARG
SINGAM
1 LARG
SINGAM+1
1 DMULTP

€0S6AM
cOS6AM

DCA
cLL
JMS
cLL
TAD
TAD
nCA
RAL
TAD
TAD
DCA
RAL
TAD
pca
JMS

TEMP)
I ROTIR

SUM1+2
1 CONTB
SUM1+2

SUMIe1
TEMP L
SUM1+)

Sumi
SuMi
I DMULTP

SINGAM
SINGAM

DCA
cLL
JMS
cLL
TAD
TAD
ncA
RAL
TAD
TAD
DCA
RAL
TAD
DCA
TAD
DCA
TAD
DCA
TAD
TAD
nca
157
152
Jmp
TAD
1AC
1AC
nea
TaD
1AC
pca
TAD
TAD
nca
TAD
clA
TAD
DCA
TAD
nca
JuP

TEMP)
T ROTIR

SuM2e2
1 CONTB
SUM2+2

SUM2e 1
TEMP1
SUM2+ |

sumM2
Sum2
NDVICE
CNTDEV
STORE
ADRES

I ADRES
mS7000
I ADRES
ADRES
CNTDEV
o5
STORE

ADRES
ANRES

DIXE

1 ADRES
I DIXE
TEMP1

I DIXE

I ADRES
1 DIXE
TEMP)

1 ADRES
I PAGt2

CO5GaM, 7

]
SINGAM, 3

2
PAG12,PAGEI2
PAUSE

78.2COSCCA/12) % (Hed =t
/DEPOSIT IT IN SINTI,el

ZSINTI,+1 NOW CONTAIN SINCCTZ12) % CHed =10
ZMULTIPLY (4/3)#C0SEeCUSD*COSTY

/ADD TO THE ABOVE PRODUCT (//} )iSlND’SXNS

/KEGISTERS PR0OS01,2,3 NOW CONTAIN (d/} 1¢SING,
/GET PROSO1!

715 AC NEGATIVE? CLEAR AC

/NO,JUMP 2 LOCATIONS AMEAD

/YES» SET FLAG TO 7008

/SET FLAG T0 @

/GET 7000

/COMPLEMENT 1T

/MASK THE FRACTIONAL PART OF (”/})lSlNB.

/1S THE HIGH ORDER FRACTIONAL PART @?

/N0, JUMP 3 LOCATIONS AHEAD

/YES, GET TME LOW ORDER FRACTIONAL PART
/SKIP ON ZEKO AC» CLEAR AC

/ADD FLAG AND DEPOSIT AC IN PROSO2

/PR0OS02,3 NOW CONTAIN THE SIGNED FRACTIONAL PAKT
ZOF (ﬂ/;)tSlNd‘J MULTIPLY PROS02,3 BY 277

/ROTATE 3 LOCATIONS LEFT

/TEMP1,2 CONTAIN ARGUMENT
Z7CHECK IF -TW{ARGUMENT <7
/0BTAIN coséendz}_)snug)

/COSGAM,+1 CONTAIN casﬁzﬂJ{;)sxnsJ
/0BTAIN snnﬁznd{,)Slne.)
/SINGAM, +1 CONTAIN SINf2ndsy)SING:)

/0BTAIN (CQSGA"\)a

/ROTATE ONE RIGHT

1
/ADD (COSGAM) TO THE CONTENTS OF
/SUMMING REGISTERS SUMIs+1,+2

/0BTAIN (SlNGAM)a

/ROTATE ONE RIGHT

2
/ADD (SINGAM) TO THE CONTENTS OF
/SUMMING REGISTERS SUM2,+1,+2

/GET INPUT DEVICE INDEX (-4)

/DEPOSIT -4 INTO THE COUNT REGISTER

/GET THE GROUP OF REGISTERS CONITAINING THE DATA
/SAMPLES3 DEPOSIT IN ADRES THE FIRST OF THEM
/GET INPUT SAMPLE

/SUBTRACT 2

/DEPOSIT DEFFERENCE BACK IN THE SAME REGISTER
ZINITIALIZE FOR NEXT SAMPLE

/1S DEVICE [NDEX ZERO?

/ND, JUMP BACK S LOCATIONS

/YES, THE SECTION FrOM THIS LUCATION TJ THE END OF
/THIS PAGE OBTAINS FikOM THE DATA CUKKESPOUNDING
#T0 THE CROSS-POLARIZATIUN CURKELATION FONCIJUNS
Z(RaLY & (RaLY, THF THIRL AND FOUKTH

/STOKFS PARAMET - =53 THIS I> DONE BY TAKING
#FIRST THE SUM AND THEN THE DIFFERENCE OF THESE
/TWO PRODUCTS

7JUMP TO PAGE 12




+3208 +3208

PAGEI2» TAD NDVICE /OBTAIN INPUT DEVICE INDEX (-4) >
DCA CNTDEV /DEPOSIT ~4 INTO THE COUNT REGISTER .&,gm.m S
cMA ZINITIALIZE DATA STORAGE KEGISTERS NoP 7SAPLE GALIBRATION beuLGE 1
TAD STORE /GET SAVERL-1 NOP
DCA 12 /DEPOSIT 1T IN 18 Noe
TaD TOPOS /GET SUMPEL (FIRST OF SUMMING REGISTERS) Nop
tg:'l‘n;x: /DEPOSIT IT IN DIXE Nop
»TAD I 1@ /GET DATA SAMPLE OF
LSOFIT.TAD JGET DATA Saup ngsar‘)zvtcs "oy TAD MS7909 /SUBTRACT 2
DCA PROSO2 g:: (l:ul'v b
ncA PROSO2 , " /DEPOSIT IT IN SUMPEL+16
O MULTIPLY Y, COSY; DCA T 17
PROSOL 23;3 /SAMPLE CALIBRAION LEVICE #2
gcg TEMP1 /DEPOSIT HIGH OKDER TERM OF PRODUCT IN TEMP1 Nop
J:S } :8:::“ ;CNECK FOR SIGN, SET LINK IF NEGATIVE NOP
s ROTATE ONE RIGHT NOP
TAD DIXE /GET CON s
Tac TENT OF DIXE (SUMPEL) TAD Ms700@ /SUBTRACT 2
1AC och 11
DCA ADRES /DEPOSIT SUMPEL+2 IN ADRES gg: : :; /DEPOSIT 1T IN SUMPEL<1
TAD 1 ADRES 7ADD CONTENT OF SUMPEL+2 TO Ci
TAD I CONTB /CONTAINS THE LOW ORDER n::n g:m ::§CN :ggs 7SAMPLE CALIBRATION BEVIGE #3
DCA I ADRES /DEPOSIT SUM IN SUMPEL+2 Jooss NO|
TAD DIXE /GET SUMPEL .
s NOP
DCA ADRES ’ Nop
oca DEPOSIT SUMPEL+1 IN ADRES NOP
TAD I ADRES /GET CONTENT OF SUMPEL+1 ol /SUBTRACT 2
TAD TEMP1 /4DD TEMP1 Bea 1 1
DCA 1 ADRES /DEPOSIT SUM IN SUMPEL+1 . Dea 1 11 /DEPOSIT IN SUMPEL+20
RAL /ROTATE LINK LEFT Ol ECA v
TAD 1 DIXE /ADD SUMPEL (HIGH ORDER ;y'cosl ) Ng:g /SAMPLE CALIBRATION DEVICE 14
TAD TEMPO /ADD PROPER SIGN OF 4,COSy 4 NOP
34':42 : DIXE /DEPOSIT SUM IN SUMPEL ° NOP
DMULTP /MULTIPLY SINY.
PROSO1 Jsng Nop
SINGAM :2;
DCA TEMPI /TEMP1 CONTAINS H i /SUBTRACT 2
D T e IGH ORDER TERM OF j..sm/‘. xl. cLL
Jus 1 PaRE A 117 /DEPOSIT IT IN SUMPI
oL DCA 1 17 UHPEL 22
oL e JGET SUMPEL 6321 /CLEAR CLOCK INTERRUPT FLAG
TaD DIxE JGET S 10N /TURN INTERRUPT ON
Tad JMP I PAG21 /JUMP TO PAGE 21
The 3254 PAG21,PAGE2!
[ JDEPOSIT SUMPELSS 1N ADRES DMEGA, © /SUBROUTINE THAT IS USED PRIOR TO
ocA ADRES /DEPOSIT SUMPEL4S 1N ADK gg: :EGAH /THE DIVIDE SUBROUTINE TO SET UP THE
gg" : AoRES o585 35" 1T Low oRdrn TR oF 4 stNy; oca "Esg::z; /DIVIDEND IN THE PROPER FORMAT
A 1 ADRES /DEPOS ' ‘
e bike IT IN SUMPEL+5 DCA MEGA+4
TAD TRIA e om
ot JMP I DMEGA
DCA ADRES /DEPQOSIT IN ADRES SUMPEL+4 2264 :fﬁ“zz’.a O N S M eRec:
oca cLa o /COMPLEMENT OF A TRIPPLE PRECISION NUMBER
TaD 1 ADRES /GET CONTENT OF SUMPEL+4 c "Po
TAD TEMP1 7ADD TEMP1 ca
DCA I ADRES /DEPOSIT IN SUMPEL+4 Ra TS
TAD DIXE Sen
TAD TRIA Ton e
?Cﬂ ADRES /DEPOSIT IN ADRES SUMPEL+3 . ;:2 TENP2
;:l‘; ' /ROTATE LINK LEFT fj TAD XRIK
ADRES 7ADD SUMPEL+3 (HIGH ORDER TERM
TaD TEMPO /8DD SIGN OF JSINJ: e S g:: Tenr2
DCA 1 ADRES /DEPOSIT SUM IN SUMPEL+6
TAD DIXE /GET SUMPEL Tab Seme
TAD EXI 74DD SIX 1“0 TERPY
D(?A DIXE /DEPOSIT SUMPEL+6 IN DIXE 1::3 KRIK
1SZ CNTDEV 7INCREMENT DEVICE INDEX REGISTER DCA TEMP
JMP LSOF IT /JUMP TO LSGFIT IF INDEX O JMP 1 N o
;)s(; cM308 /CHECK FOR COMPENSAT 10N 3306 CNKARG.EngE #CHECKS T
A3 HE SIGN OF THE ARGUMENT OF a S
JMS 1 COMPE /COMPENSATE ;:g ! S R AnSUMENT # e o cosn
Js e sua cLA /1S ACCUMULATOR NEGATIVE?
TAD CMINTG+1 /INCREMENT INDEX REGISTER THAT KEEPS ncA :g::nc Jyes, P TO POSARS
1aC /TRACK OF THE NUMBER OF CLOCK PULSES JMS 1 NEZAT InEon
gﬁ: CMINTGe1 /RECEIVED IN THE PRESENT INTEGRATION CYCLE TAD TEMP1 5'&5‘:"15 (l:omgms o TenrL.esac [l
AIN HIGH ORDER TER
RO MINTG TAD MPIOT ZFORM || 17 v oF (g
DCA CMINTG 3:: CL; S e e e
oCa CHINTG . /NO, JUMP 3 LOCATIONS Al
TaD oMl JMS 1 NEGAT /YES, NEGATE HERD
sta e . JMP SIFTL 7JUMP TO SIFTL
TAD CMINTG ECE 1 NEGAT /NEGATE
SZA CLA /1S THE INTEGRATION CYCLE OVER?
JWP 1 DATAC /N0, JUMP TO DATA Tab Taors soBTaN 2n- /o]
6321 /YES., CLEAR CLOCK INTERRUPT FLAG oca un;e”
g:ia /ACTIVATE CLOCK INTERRUPT RAL
TAD TOPOS /GET SUMPEL~1 ;x :ESPI
ncA 18 /DEPOSIT IT IN 18 DcA et
TAD 1@ /GET SUMPEL-1 JMP ;E:P'
ocA 19 /DEPOSIT 1T IN 11 PC'SA\Rl o 7P TO sIFTL
TAD NDVICE /GET DEVICE INDEX (=4) TAD Tg;;JLA
DCA CNTDEV /DEPOSIT IN CNTDEV TAD L S e ORDER TERM OF &
REDIVD, MS I MEGI 2 sMA A i
JMS 1 DDIVP mvioe Zy.cosy; ¢ Z casy: by Ines Tumecative?
:g':‘, £ H eI ;:gg JUMP 2 LOCATIONS AHEAD
1 /DEPOSIT HIGH ORD S JuMp 1o
poa1t ORDER QUOTIENT IN SUMPEL oA ciL : SteTL
DCA 1 11 /DEPOSIT LOW ORDI g Teon /FORM o -2
oca 1t LOW ORDER QUOTIENT IN SUMPEL+3 téu MTWOPI+1 T
JMS 1 DDIVP ”m SING; Y man TENP2
! IVIDE ‘Zj‘sm): /;Z-sm RAL
DCA 1 11 /DEPOSIT HIGH ORDER A mrvor
DAL QUOTIENT IN SUMPEL+2 TAD MTWOPI
nca 1 11 /DEPOSIT LOW ORDER QUOTIENT IN SUMPEI SrTLoot
1SZ CNTDEV /INCREMENT DEVICE INDEX Lee ?;FI;T"I-'ECLL
JMP REDIVD /JUMP TO REDIVD IF INDEX 2 e L foND TEwp2 Con
3455 1AD NITP JADD 15 (IMITIAURE REGISTERS T O RECEIVE TRE caLiBRATION DATH) RAL /ADJUSTED TO BE .v°<122"<fr"‘ ARGUMENT
14D Topos oD SumaEL ?i; TEMP2 /THEN TEMP1,2 ARE ROTATED ONE POSITION
pca 17 7DEPOSIT SUMPEL+1S IN I7 TEMP ZLEFT SO THAT THE BINARY POINT
Tor RAL /PROPER PLACE 1s 1N THE
lor, nCA TEMPY
sa12 J%AIT FOR CLOCK WTOT, cann dump Ut >
sz MP10T,6333 OF THE SUBROUTINE
JMS I TMINC (1,3:‘;2
JMP T PAGI3 /JUMP TO PAG Srese
et E 13 3755
DATAC,2465 ana LT
N17P, 17 poes
MEGI, MEGI1® Pause
PAGL3,PAGE 13
PAUSE

101




*5220

PAGE21,CLA CLL

TaD
IMS
Tab
JMS
TAD
JMS
JMs
CLa
TaD
JMS
1AD

TAD
TaD
nra
CLABCD,TAD I 17

nea
TAD
nCA
TAD
spa
Jmp
JMS
Jms
J9S
TAD
CHMA
AND
DCA
JMP
IMS
TaD
necaA
TAD
cva
aND
bca
TAD
sza

K246

1 TYPO
K246

1 TYPO
K246

1 TYPU

T RPUNCH

K244
1 TYPO

1 CRLFP

Mb
TIPUS
19
110
TEMPY
Tran
TEMR2
TEMP)
MSTTAT
cLL

T DCPRNT
1 PUNCT
MS7704

TEMP]
TEMP 1

1 DMULTP
o

1 CRLFP

TOPOS
1mn

mMé&

w4
CNTHEY

TEMP]
110
TEMP2
TFEMPY
CLa
o1
ROTP

1 SPRNT
T PUNCT
METARD

TEMP
TEMPI
FRCNL
ROTP
MST779
PROSOM
M57370

TEMP]
TEMPY
TEMP1
cLa

IMP L ea

Tap
SNA

TEMP2
cLa

JP. 7

TAD
TAD
bCA
oca
JMS
IAC
JMP
Jms
JMS

TEMPL
M57499
TEMP]
TEMP3

I NEGAT

10537}
1 SPRNT
1 PUNCT

/TYPE &3 THREE % IS THE CODE
ZINDICATING THE BEGINNING OF THE
/DATA PUNCH OUT

/PUNCH OUT DATA

/TYPE %3 THREE $ 1S THE CODE IMDICATING
/THE END QF THE PUNCH QUT

/1YPE LINE FEED AND CARRIAGE RETURN

/GET THE REGISTER THAT CONTAINS THE HOUR ANGLE

#GET AND DEPOSIT THE HIGH ORDEK TERM
#0F THE HOUR ANGLE INTO TEMPt
/AND THE LOW OWHDER INTO TEMP2

/GET TEMP)
#GET THE INTEGRAL PART JF TEMP]
ZROTATE IT 6 POSITIONS RIGHT

/PRINT INTEGRAL PART UF THE HOUK ANGLE
/PRINT A POINT (o)

/MASK THE FRACTIONAL PART OF TEMPL
/DEPISIT IN TEMP1
/MULTIPLY THE FRACTIONAL PART BY 1000

/DEPOSIT THE PRODUCT IN TEMP1,2,3

/ARRANGE THE BINARY POINT BY ROTATING 6 LEFT
/ADD TEMP)

/PRINT IT

/PRINT CARRIAGE RETURN AND LINE FEED

/GET SUMPEL-1

/SET UP A =12 COUNT SINCE THEKE ARE TWELVE
/NJMBERS WITH THE SAME FORMAT TO HE PRINTED
/DEPOSJT -~12 IN CNTDEV

/GET FIRST NUMBER (HIGH ORDER TERM)
/DEPOSIT IT IN TEMP}

/LOW ORDER TERM

/DEPQSIT IT IN TEMP2

/GET TEMP1

/SKIP IF POSITIVE

/JUMP 11 LOCATIONS AHEAD

/JuMP TO ROTP SUBROUTINE

/PRINT OUT INTEGRAL PART (POSITIVE)
/PRINT A POINT (s)

/MASK FRACTIONAL PART OF TEMPt
/DEPOSIT IT IN TEMP1

/JUMP TO SUBROUTINE ROTP

/ADD THE NEGATIVE SIGN TO THE ROTATED TEMP)
/DEPOSIT SIGNED INTEGRAL PART IN PROSO1

/IN THE NEXT 15 INSTRUCTIONS WE CHECK WHETHER
/THE FRACTIONAL PART IS ZERO

/MASK THE FRACTIONAL PART OF TEMP1 (HIGN ORDER)
/DEPOSIT IN TEMPI

/GET TEMP! AGAIN

/SKIP ON ZERO ACJ) CLEAR AC

FIUMP + 4

/ADD TEMPZ2

7SK1IP ON NON-ZERO AC3 CLEAR AC

7JIMP +T

/GET TEMP1

/ADD THE NEGATIVE SIGN

/DEPOSIT IT IN TEMPL

/0BTAIN THE ABSOLUTE VALUE OF THE FRACTIONAL PART
/ADD | TO INTEGRAL PART IF FRACTIONAL 15 NOT ZERO

/JUMP TO TOS371(5372)
/PRINT INTEGRAL PART (NEGATIVE)

FRCAL,JMS I DMULTP /MULTIPLY FRACTIONAL PAKT HBY 1098
TEMPY
N19AS

qca
JMS
TAD
Jms
MS
Jus
152
JMP
TaD
9cA
Jms
152

TEMP)

1 ROTIL
TEMP]

1 DCPRNT
1 CRLFP
1 CRULFP
CNTDEV
CLABCD
™6
CNTM6

I CRLFP
CNTM6

JMP =2

Jmp

1 PAG22

ROTP,9

TAD
AND
RTL

RTL
JMP

TEMP1
MS703D
oLy

1 ROTP

K246,246
K244,244
BPUNCH, BPUN
SPRNT, SSPRNT
MST719,7779

PAG22, PAGE22
T05371, TAD PRO3OI

SzA
JmpP
TaD
JMS
JMP

FRCNL-2
MINUS

1 TyPO
FRCNL-2

MINUS, 255
PAUSE

/PRINT FRACTIONAL PART
/TYPE CARRIAGE RETURN AND LINE FEED

/MAVE ALL THE NUMBERS BEING PRINTED?
/NO» PRINT NEXT
/YES, PRINT 6 CRLF 'S

/JimMP YO PAGE 22

/1S AC ZERO?

/N
/YESs GET THE SIGN (=)
/PRINT IT

*5400
PAGE22, [SZ CNTN
JMP I NEWCLE
15Z 16
JMP 1 CONPNT
JMP 1 RESETP
NEWCLE, ARCHI
CONPNT» POINTP
5407 RESETP, RESET
DECa5, 0
JMS 1 DMULTP
TEMP1
N5442
NCA TEMP1
TAD 1 CONTB
DCA TEMP2
CYCL4S, CLA
6411
6451
6412
JMP. =1
JMS 1 PULSE
TAD TEMPI
SPA CLA
JMP CYCLAS
JMP I DECAaS
PULSEP,q
TAD N6088
DCA TEMPO
157 TEMPO
JMP.-1
CLA CLL
TAD TEMP2
1AC
DCA TEMP2
RAL
TAD TEMPI
DCA TEMP1
JMP 1 PULSEP
"7 N6000, 5300

5 COMPEN, @
CLA CLL
JMS I DMULTP
COS0DE
CcosT1
DCA TEMP1
M5 1 ROTIL
DCA TEMP]
cLL
TAD I CONTB
TAD SINDDE+)
DCA TEMP2
RAL
TAD TEMP1
TAD SINDDE
DCA TEMP)
DCA TEMPJ
DCA TEMPO
TAD TEMP1
SMa CLA
JMP .+a
JMS 1 NEGAT
CcMA
DCA TEMPO
CLa
TAD BASL
DCA MEGA+1
TAD BASL+1
DCA MEGA+2
DCA MEGA+3
DCA MEGA+4
TAD MEGA
JMS 1 DDIVP
CNANO
DCA PROSO1
TaD I LAYOT
ncA PROS02
JMS 1 DMULTP
PROS01
TEMPI
DCA TEMP1
JMS I ROTIL
DCA TEMP1
TAD 1 CONTB
DCA TEMP2
TAD TEMPI
DCA MEGA+2
TAD TEMP2
DCA MEGA+3
DCA MEGA+1
DCA MEGA+4
TAD MEGA
JMS 1 DDIVP
N125
DCA TEMP3
TAD TEMPO
s7a CLA
JMP . +5
6301
TAD TEMP3
6351
JMP.s4
6351
TAD TEMP3
631
cLA
TAD M3ne
DCA CM3I%e
JMP I COMPEN
mM3Ra, 7324
CNANO, 2314
6314
N125, aam)
2008

D187, #5592

2900

NIAB, 144

L
PAUSE
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/1S THE NUMBER OF INTEGRATIONS OVER?

/NO, START A NEW INTEGRATION CYCLE

/YES, 1S THE NEXT SOURCE THE CALIBRATION SOURCE?
/80, GO AND POINT TO SOURCE

/YES, FIRST RESET AND THEN POINT

/THIS SUBROUTINE COMPUTES THE NUMBER
70° PULSES NEEDED TO POINT ANT. #1 &
/THEN POINTS ANT. #}

/TEMP1s2 CONTAIN THE NUMBER OF PULSES AS
/A NEGATIVE NUMBEK

/SEND PULSE

/WAS PULSE RECEIVED?

/NO

/YES, INCREMENT TEMP1,2 AND INSERT DELAY BETWEEN
/PULSES3 GET TEMPI

/1S TEMP1 POSITIVE?

/NO

/YES

/ESTABLISH A DELAY OF 4.5 MSEC BETWEEN PULSES
/HAS THE DELAY EXPIRED?
/NO

ZYES
7 INCREMENT TEMPL,2

#JUMP QUT OF SUBKOUTINE
/THIS 1S THE DELAY COMPENSATION SUBROUTINE

/7MULTIPLY COS8COSDCOS ((2M1/24) % (Hek=2))

/DEPOSIT IN TEMWPI
/ROTATE CONTENTS OF TEMP1,8,C BY ONE LOCATION LEFT

/ADD SIN:SIND TO THE ABOVE PRODUCT

/TEMP1,2 CONTAIN SIN®
/CLEAR FLAG

/1S SINO<g

/N0, JIMP 4 LOCATIONS AMEAD
/YES, NEGATE IT
/COMPLEMENT AC

/SET FLAG TO -1

/GET BASELINE LENGTH

/DIVIDE IT BY THE VELOCITY OF LIGHT
/PROSO1,2 CONTAIN d/C

JHLTIPLY ¢4/CresING
ZROTATE ONE LOCATION LEFT

/DEPOSIT d/C)#SING IN DIVIDEND

/DIVIDE BY 1.25NS WHICH 1S THE BASIC

/DELAY UNITs THE OTHERS ARE 2.5,5,1@,28,44,80, 160
/DEPOSIT THE GUOTIENT (B-BIT NUMBER) IN TEMP3
/GET FLAG

ZES IT =12

ZYES, JUMP S5 LOCATIONS AHEAD

/NO, SET DELAY IN IF STRIP #2 TO ZERO

/GET TEMP3

/ADJUST DELAY #1

7JUMP 4 LOCATIONS AHEAD

/SET DELAY #1 TO ZErO

/GET TEMP3

/4D JUST DELAY #2

/RESET TIME COUNT FOR NEXT COMPENSATIUN




*5602 *4AAA

FLGCHK, JMP TOS765 /JUMP TO 5765 FAGFP4, CLL

6361 /1S FLAG OF DEVICE 36 up? TAD TEMP3 /ADD TEMP1,2,3 TO UT AT JANUARY 0
SKP /NO, SKIP TAD SIDHRA+2 /CONTAINED IN SIDHRA,+1,+2

JMP SR36 /YES, GO TO SERVE DEVICE 36 DCA TEMP3

6371 /1S FLAG OF DEVICE 37 UP? RAL

SKP /NO, SKIP TAD TEMP2

JMP SR37 /YES, GO TO SERVE DEVICE 37 TAD SJDHRA+1

4321 /1S FLAG OF DEVICE 32 up? nCaA TEMP2

SxP /ND, SKIP RAL

JMP SR32 /YES, GO TO SERVE DEVICE 32 1AD TEMP)

6331 /1S FLAG OF DEVICE 33 UP? TAD SIDHR?

SKP /N0, SKIP DCA TEMPY /DEPOSIT SUM IN TEMP1,2,4

JMP SR33 /YES, GO TO SERVE DEVICE 33 JMS I NEGAT /NEGATE THE SUM

10N #TURN INTERRUPT ON cLL

JmP 105772 ZIUMP TO 5772 TAD TEMP3 /0B1AIN GST-UTHRD=-(# DAYS)*24%(9.857/36069)
IMP I @ 7JUMP TO LOCATION @ TAD PROSO3

SR36, 6411t DCA PROS03

6362 /SEND STEPPING PULSE TO ANT. #2 RAL

6412 /VWAS PULSS RECEIVED? TAD TEMP2

JMPe- /N0 TAD PROSO2

cLa cLL ZYES nca PROSO2

TAD 1 STEP2Ps1 /ADD THE STEP TO THE HR2 KEGISTEK RAL

TAD I HRPPe? TAD TEMPY

NCA 1 HR2P+2 TAD PROSO} /PROS01,2,3 CONTAIN DIFFERENCE
RAL DCA PROSO1

TAD | STEP2P TAD PROSO1 /NOW WE MULTIPLY (PROSO01,2,3)%(1-9.857/3608)=6C1
TAD 1 HR2P+) DCA MEGA+2 /DEPOSIT PROS01,2,3 IN DIVIDEND
DCA 1 HR?Ps1 TaD PROS02

RAL DCA MEGA+3

TAD 1 HR2P TAD PROSO3

JMP 1 5764 /GO TO CHECK IF HR2<24 DCA MEGA+4

JMP FLGCHKX+a DCA MEGA+1

SKR37, sal) TAD MEGA

6372 /SEND STEPPING PULSE TG ANT. #1 JMS 1 DDIVP /DIVIDE BY 3609

sat2 /WAS PULSE RECEIVED? N7829

JMP e #NO nca TEMP) ZDEPOSIT IN TEMP1,2

CLA CLL /YES TAD 1 LOUOT

TAD I STEPIP+1 /ADD THE STEP TO THE HR1 REGISTER DCA TEMP2

TAD [ HR{P+2 JMS I DMULTP ZMULTIPLY TEMP1%9.857

DCA 1 HRiP+2 TEMPY

RAL CONVER

TAD 1 STEP1P NCA TEMP1 /DEPOSIT PRODUCT IN TEMP1,2,3
TAD I HRIP+1 14D 1 CONTB

DCA | HR1P#1 DCA TEMP2

RAL TaD 1 CONTC

TAD 1 HRI® DCA TEMP3

JYP 1 5763 /GO TO CHECK IF HR1<24 JMS T NEGAT /NEGATE TEMP1,2,3

LAS /READ SWITCH REGISTER cLL

AND TRIA /MASK IT WITH 3 TaD TEMP3 /FORM (PROS01,253)=(TEMP1,2,3)36CT
SNA CLA /15 AC NON-ZERO TAD PROSO03

JMP FLGCHK+T N0 DCA TEMP3

TAD GET3 ZYES RAL

DCA 13 /GET INDEX COORDINATES OF DISMES 1AD TEMP2

TAD GET4 TAD PROSO2

NCA 11 DCA TEMP2

JMS TRANPR /RETURN DISHES TO INDEX POSITION RAL

M5 | HRI2P TAD TEMP1

JMS | HR37P TAD PROSO1

JMS TRANPR DCA TEMP) /TEMP1,2,3 CONTAIN 6CT IN HOURS
JMS [ HRI12P JIMS 1 DMULTP #MULTIPLY FRACTIONAL PART OF GCT 8Y 60
JMS 1 HRIGP TEMP2

IMS TRANPR N6

JMS 1 DEC12P DCA TEMPZ /DEPOSIT INTEGRAL PART OF PRODUCT IN TEMP2 (MINUTES)
JMS 1 DECASP TAD 1 CONTB

JMS TRANPR DCA PROSO1 /DEPOSIT FRACTIONAL PART IN PROSO1,2,3
JMS 1 DEC12P TAD 1 CONTC

JMS | DEC43P DCA PROSO2

HLT /HALT PROGRAM JMS 1 DMULTP /MULTIPLY FRACTIONAL MINUTES BY 68
SR32, JMS I TMINC /INCREMENT TIME XEGISTER PROSO1

JMP FLGCHK+12 Nop .

SR33, 10N /THIS SERVES THE TIME CHECK INTERRUPT) TURN DCA TEMP3 /TEMP3 CONTAINS THE SECONDS
CLL CLA /INTERRUPT ON TAD 1 CONTB

TAD TIME+2 /OBTAIN GSTaLST+LONGITUDE DCA PROSO1

TAD LONGI+2 TAD 1 CONTC

DCA PROSO3 DCA PROSO2

RAL JMS I DMULTP

TAD TIME«1 PROSO1

TAD LONGi#1 N1a9e

DCA PROSO2 DCA TEMPO

RAL JMS 1 CRLFP /TYPE CARRIAGE RETURN

TAD TIME TAD TEMP1

TAD LONGI JMS T DCPRNT /TYPE THE HOURS

DCA PROSOY /PROSO1,2,3 CONTAIN GST JMS | CRLFP

JMS 1 DAYX24 /COMPUTE (#DAYS)*24%(9.857/360033 DEPOSI1 IN TAD TEMP2

JMP | PAGR4 /TEMP1,2,33 JUMF TO PAGE 24 JMS T DCPRNT /TYPE THE MINUTES

TRANPR, @ J¥S CRLFP

JMS 1 TRANSX TAD TEMP3

TAD PROSO3 JMS | DCPRNT /TYPE THE SECONDS

DCA PROSID JMS CRLFP

RAL TAD TEMPO

TAD PROSO2 JMS 1 DCPRNT

TAD TEMPO JMS 1 CRLFP

0CA PROSV2 cLA

JMP 1 TRANPR 6135 Jvp 1 ARXI /JUMP TO LOCATION 1660

SAVEAC, 3 SILLY, CLA /THISYA WAITING LOOP USED WHILE WE ARE
HR2P, HR2 DCA TEMPO /GETTING SET FOR THE TIME CHECK
HR2 1 1SZ TEMPO

HR2+2 JMP.- 1

STEP2P, STEP2 JMP SILLY

STEP2+1 6143 ROTIRT, 0 /THIS SUBROUTINE ROTAIES THE CONTENTS
HREP, HR1 T TAD TEMP) /OF TEMP1, 3 AND C BY ONE LOCATION
HRI1 RAR /RIGHT

HR1+2 DCA TEMP1

STEPIP, STEPI TAD | CONTB

STEPte1 RAR N

GETA, WRIZ-1 hCA 1 CONTB

6FTas HR1-1 TAD T CONTC

HR12P, HR12 RAR

HRITP, HR3T DCA 1 CONTC

HR36P, HRI6 JMP 1 ROTIRT

DEC12P, DECI2 MEGIIA, B /SETS UP THE DIVIDEND BY WMEANS OF
DEC4SP, DECA4S TAD 1 19 /THE SELF-INDEXING REGISTER 10
DECA3P, DECA3 OCA MEGAs*1

DAYX24, DAY24 TAD I 10

PAG24, PAGEZ4 DCA MEGA+2

*5763 TAD 1 10

6557 DCA MEGA+3

6564 DCA MEGA+4

TNS745, DCA SAVEAC /SAVE AC CONTENT TAD MEGA

RAL JMP 1 MEGI19

DCA SAVELX /SAVE LINK CONTENT ARX1, ARHI

JYP TO5601 PAISE

SAVELK, @

T05772, CLA CLL

TAD SAVELK /KETRIEVE LINK CONTENT

RAR

TAD SAVEAC /RETRIEVE AC CONTENT

Jue 1@

HALISE
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*6200 *ha07

ROTILF,@ /ROTATE CONTENTS OF TEMP1,8,C MIDDL, A JTHIS SUBRDUTINE COMPUTES THE INTEGRATION TIME, T,
TAD I CONTC /BY ONE LOCATION LEFT3 B,C ARE THE LO% ORDEK cLa /1IN HOURS AND THEN CALCULATES COS(T/2) AND SIN(1/2).
RAL CLL /REGISTERS IN WHICH THE PRODUCT I3 STOREDLS TAD INTEGR /THE LAST T®O FUNCTIONS AKE USEL FOR THE
DCA I CONTC /1HE HIGH ORDER IS IN THE ACCUMULATOX DCA TEMPL /CALCULATIJN OF U AND V.
TAD I CONTR 79HICH IN THIS CASE WAS LEPOSITED IN TEMP1 TAD INTEGRs!
RAL DCA TEMPZ
DCA 1 CONTR DCA TFMP3
TAD TEMP1L JMS [ NEGAT
RAL JMS [ DMULTP
JHP 1 ROTHIF TEMP Y
ROT3RT,® /ROTATES CONTENTS JF TEMP1,8,C THKREE PNT1
TAD M3 ZLOCATIONS KIGHT DCA TEMP]
DCA CNTM3 TAD 1 CONTR
TAD TEMP) bDCA TEMP2
RAR CLL TaD TEMP}
DCA TEMP1 DCA MEGA+1
TAD I CONTR TAD TEMP2
RAR DCA MEGA+2
DCA I CONT3 NCA MEGA+3
TAD I CONTC DCA MEGA+4
RAR Tan MEGA
DCA I CONTC JMS T DDIVP
157 CNTM3 N34
JMP ROT3RT+3 nCa MIDLTM /MIDLTM,+1 CONTAIN T/2 IN HOUKS
Jmp 1 ROT3RT TAD 1 LGUOT
ROT3LF »0 /ROTATES THE CONTENTS OF TEMP1,B,C THREE DCA MIDLTM+ 1
TAD M3 /LOCATIONS LEFT JMP 1 T04433
DCA CNTM3 T0A433, 7245 /JUMP 1O 7245 TO COMPUTE (Wi2)s(Ts2)
TAD I CONTC 6427
RAL CLL Tan 1 CONTB
bCA T CONTC NCa TEMP2
TAD 1 CONTH JMS I DCOSP
~AL TEMPI
DCA § CONTH TAD | HARG
TAD TEMPL DCca COSMDT /COSMDT,+1 CONTAIN CO5((2m/24)(Ts2))
2AL TAD I LARG
NCA TRMPI DCA COSMDT+1
1SZ CNTM3 MS 1 DSINP
JMP ROT3LF+3 TEMPY
JMP [ ROT3LF TAD I HARG
TMINCR. 0 7INCKEMENTS THE TIME REGISTER BY DCA SINMDT 7SINMDT .+ 1 CONTAIN SINC(2W/24)(1/2))
CLL CLA 78.2%(148.07273/360¢ HOURS TAD | LARG
TAD TIME+2 NCA SINMDT+ ¢
TAD INCHR+} JMP ] MIDDL
DCA TIME+2 PNT1, 1463 .
RAL 1462
TAD TIME+) COSMDT, 0
TAD INCHR a
DCA TIMEst SINWDT, 0
RAL a
TAD TIME DECa3.0 /THIS SUBROUTINE IS USED IN THE PUINTING
DCA TIME JMS 1 DMULTP 70F DECLINATION #2
TAD TIME TENMPY
TAD M24 N5416
sPa DCA TEMPI
SKP TAD 1 CONTR
DCA TIME DCA TEMP2
cLA CYCL43, CLA
JMP 1 TMINCR 6411
INCHR, 2200 6431
1646 6412
ROTSLF,0 /ROTATES CONTENTS OF TEMP1,2,3 JMP. -y
TAD M6 /SIX LOCATIONS LEFT JMS 1 PULSE
DCA CNTM6 TAD TEMPI
TAD TEMP3 SPA CLA
RAL CLL JMP CYCLA3
pCA TEMP3 JMP 1 DECA3
TAD TEMP2 6519 /PROGRAM STARTS HEKE
RAL 6434
DCA TEMP2 10F
TAD TEMP1 6334 /DEACTIVATE CLOCK INTERRUPT
RAL 6321 /CLEAR FLAG 32
DCA TEMP1 6331 /CLEAR FLAG 33
1S2 CNTM& 6374 /DEACTIVATE TRACKING INTERRUPT
JMP ROT6LF+3 6371 /CLEAR FLAG 37
JMP 1 ROT6LF 6371
ROT2LF,0 /ROTATES CONTENTS OF TEMP1,B.C A361 /CLEAR FLAG 36
Tap M2 /T¥O LOCATIONS LEFT 6361
PCA CNTM2 JMP I PROGM
TAD 1 CONTC PROGM» 277
KAL CLL CHK24,0 /CHECKS WHETHEK A
DCA I CONTC TAD 1| OPERAT /NUMBER 1S GREATER THAN 24
TAD I CONTB TAD AA7a
RAL sPa
DCA 1 CONTB SKP
TAD TEMP) nCA I OPERAT
RAL cLa
DCA TEMP1 JMP I CHK24
1S7 CNTMZ OPERAT.A
P XOT2LF+3 *6540
JvP 1 ROT2LF PATCH,® /CORRECTION PATChH
PARA, A /CHECKS THE SIGN OF A NUMHEKR HEFOKE 1927
CLA CLL /THE NUMBEK 15 ROTATED RIGHT 3897
TAD TEMPY /GET HIGH OKDER TEKM OF NUMBEX 1026
SMA CLA /1S IT NEGATIVE? 3006
JMP.+3 /N0, JUMP 3 AHEAD 1825
STL /YES, SET LINK TO 1 3995
cMA /COMPLEMENT AC Jup 1 PATCH
DCA TEMPO /DEPOSIT -1 IN TEMPO 5655 /CHECKS WHETHER STIME IS
JMP 1 PARA DCA I TEMPST 7GREATER THAN 2a
CRLF,9 /GIVES A CARKIAGE RETURN AND A LINE FEED TAD TEMPST
cLA DCA OPERAT
TAD KCR IMS CHK24
JMS 1 TYPO JMP | TO1a25
TAD KLF TO1425, 1425
S T TYPO TEMPST, 1515
JMP 1 CRLF 6557 /CHECKS WHETHER HR1>2a
KCR»215 OEA 1 HRIP
KLF 212 TAD HRIP
TYPEPT,# /TYPES (o) NCA OPERAT
cLA JMS CHK2a
TAD PT256 JMP 1 TOS5657
JMS 1 TYPO HR1P,6721
JYP 1 TYPEPT 70565755657
PT256,256 6566 /CHECKS WHETHER HR2>24
TYPE, 0 /TYPES ANY CHARACTER DCA 1 WR2P
s TAD HR2P
75K DCA OPERAT
IMPes1 JMS CHx24
TeF JMP ] TOS637
cLA HR2P, 6724
JMP 1 TYPE TO%637,5637
PAUSE
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*660 +*7215 /CORRECTION KEFERRED TO LOCATION 519

N6R, AAT4 TAD TEMP3
3 TAD 1 CONTC
N16AA, 1757 DCA TEMP3
a RAL

N36BR, ARAD TAD TEMP2
1020 TAD 1 CONTR
NB6aRA, 2536 DCA TEMP2
3000 RAL

DAYS, 2 /NUMBER OF DAYS SINCE JANUARY © TAD TEMP1
N, @ /NUMBER OF INTEGRATIONS ON THE CALIBRATION SQURCE nca TEMPL
[ /NUMBER OF INTEGRATIONS ON THE SOURCE cLL

LCT, o TAD TEMP3
o TAD SIDHRB+2
3 DCA TEMP3
a RAL

RACL, 9 TAD TEMP2
[ TAD SIDHR@s1
a DCA TEMP2
@ RAL

RAS, @ TAD TEMPI
] TAD SIDHRA
] DCA TEMPI
] J¥P 1 TO522
HOUKR, 7 TOS22,522
2 *72a5 JCORRECTION REFERRED TO LOCATION 6433
4 TAD MIDLTM
2 DCA MIDTMP
DECL, @ TAD MIDLTMe1
] DCA MIDTMPs1
2 TAD M3

] NCA CNTM3
DECS, @ ROTR,CLL
a TAD MIDTMP
@a RAR

” DCA MIDTMP
DECS, @ TAD MIDTMPs+ 1
@ RAR

[ DCA MIDTMP+1
9 1S7 CNTM3
BASLD, @ JMP ROTR
L] JMS 1 DMULTP
] PI12

a MIDTMP

] NCA TEMPL
STDECL, @ /DECLINATION OF CALIBRATION SOURCE IN DEGREES JMP 1 TOMPG
a TOMPG, 6437
a MIDTMP, @
STDECS, @ /DECLINATION OF SOURCE IN DEGREES a

9

]

]

DECAL, 7 /DECLINATION OF CALIBRATION SOURCE IN RADIANS

a

DELTS, 2 /DECL INATION OF SOURCE IN RADIANS

2

DFCLB, 0 /DECLINATION OF BASELINE IN RADIANS

]

HRJAN, 6 JUNIVERSAL TIME AT @ HR. AT JANUARY @ OF 1969

45

67

5656

WLONG, 4

Sa

2s

7412

HR1Z, 27 ZINDEX HOUR OF ANTENNA #1

72

34

3

HR2Z, 8 ZINDEX HOUR OF ANTENNA #2

1

a5

?

DEC1Z, 52 /INDEX DECLINATION OF ANTENNA #1

66

52

6

NEC2Z, 52 /INDEX DECLINATION OF ANTENNA #2

52

55

6

HR1, 0 /PRESENT HOUR ANGLE OF ANTENNA #1

]

?

HR2,0 /PRESENT HOUR ANGLE OF ANTENNA #2

]

a

DEC1, % /PRESENT DECLINATION OF ANTENNA #1

°

i

DEGZs @ /PRESENT DECLINATION OF ANTENNA #2

a

a

HRANGL, @ /STORES THE HOUR ANGLE THAT 15 TYPED OUT

[

YU, @ /STORES U

]

Vi, @ /STORES V

9

SUMPEL, @ /STORES Zj,-cos/,- FOR DEVICE #1

» ‘

[

2 /STORES stm/f FOK DEVIGE #1

IS ‘

a

[ /STORES Zj €05, FUR DEVICE 42

[} [

a

] /STORES Zj,sm/; FOR DEVICE #2

° 7

2

0 /STORES Zxcosd’, FOX DEVICE #3

2 T

[

] /STORES Z] SINg FOR DEVICE #3

L]

2

a /STORES Zj COSy, FOK DEVICE #4

[

L)

2 /STORES 27 SINJ FOx DEVICE #a

2 4

]

PAUSE
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