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APPENDIX A
BASIC ELEMENTS OF RADIO INTERFEROMETRY AND VLBI

There are. foui- fundamental obsewab;es in the electromagnetic
radiation fields of astronomical objects. They are thev radiation
intensity and polarization measured as é function of time and spec-
tral freque:icy. Of particular importance to the understanding of
the physical nature of an object are the absolute positions'and :
relative spatial distributions of obsezjvables and the 1dentification
of distinct spatial features in 'the projected source brightness dis-
tribution. The angular resolution of a filled aperture telescope is
limited by det‘r.actAion effects of the aperture, el1 mit > x/diametgg'.
At radio wavelengths, the maximum angular resolution présently
availablle on a single telescope is abouﬁ 30 arcsec, i.e., the 100 m
Bonn telescope at A = 1.35 cm and the FCRAO 13.7 m telescope at
N =‘ 2 m. At A = 18 cm, the 306 n Are_cibo telescope has a half-
power beam width of 3 arcmin. Of c'ourse,v optical observations that

are limited oniy by tropospheric fluctuations resolve interesting

spatial details far beyond the capability of any single radio tele-

scope. Commensurate resolutions at radio wavelengths are clearly

desirable. A case in point is the rapid time variations of

celestial masers. With the speed of light setting a lower limit on '
& disturbance travel time across the maser source and masers 100's
to 1000's kiloparsec distant, the maser features must be substan-
tially less than 1 arcsec in diameter.

The principles of interi“erometry have been successfully
applied at radio wavelengths and attain angular resolutioné rou-
tinely exceeding that of optical telescopes and in some cases as
high as 0.0001 arcsec. Consider the filled aperiu.re of a single
telescope in téms of an array of adjacent elemental apertures AxAy
in size. The far-field radiation pattern of the telescope F({,m) is
related to the aperture illumination field A(x,y) by the Booker=-

Clemmow theorem. That is,

F(em) =) MGy els 2nlxg vay))
' 1,k
aperture

where x and y are in units of wavelength and {4 and m are in i'adians.
Thus the far;field radiation pattern is the sum of Fourier compo-
nents in the far-field produced by pairs of elemental apertures at
spacing < the telescope diameter. ciearly the far-field radiafion
pattern is confined to a solid angle determined by the maximum
spacing of the elementai apertures. Or by reciprocity, each pair of
elemental apertures sample a Fourier harmonic in the source spatial

brightness distribution.
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~ Let us consider the radiation field of a two-dimensional

;ource brightness distribution, I(ex,ey).biFor an I(ex,ey) radiating
coherently across Bx, Gy, emission will be beamed into a power pat-
tern of difinite angular structure. For example, the case of thin
sereen scattering or a simple transmitting grréy of radiators.
I(ex,ey) can be reconstructed by Fourier inversion of the radiation
field intensities sampled spatially in the plane of the incident
wavefront. However, coherent I(Bx,ey) are limited to but & few
cases in radio astronomy. For the most part, radio I(ex,ey)'s are
combinations of statistically independent radiators. The spatial
coherence of the radiation field of such a source can be sampled
between increasing lateral separations in the plane of the incident
wavefront. Of course, now the sampling technique must be phase
stable. The spatial cross-correlation is p(u,v), where u, v are the
sampling baseline in the plane of the incident wavefront. The
incoheren§ source brightness distribution, I(ex,ey), and o(u;v) are
Fourier transform pairs.  The p(u,v) can be measured by a coherent
two-element interfefometer whose element separation projected into
u, v samples at the spatial frequency (u2 + v2)1/2' By physically
moving the antennas and/or allowing the diurnal rotation of the

" earth to vary the aspect of the projected interferometer baseline in
u, v, plu,v) can be sufficiently well determined such that its
Fourier inversion represents a reasonable estimaﬁion of the true

source brightness distribution.

156

A. Basic Interferometry

At a given epoch, a single Fourier component of I(ex,ey) is
measured by a two-element interferometer. As the interferometer
spacing is increased, Fourier components of higher order are
observed. The phase stability of the simple two-element interfero-
meter shown in Figure A.l is maintained by using a common local
oscillator and phase stable transmission lines. In Figure A.l, the

incident wavefront arrives late at station #2 by the delay,

=28 cos 9
c

where B is the interferometer baseline in units of wavelength and 6
the source-baseline hour éngle. The total power response of the
interferometer is the produci of signal #1 with the conjugate of .
signal #2 integrated over the system bandpass. Expressed as a com-
plex quantity, the double sideband interferometer response for a
point source is -

J

R(6) = A() « W(r = T)emlngy)

"a simple harmonic fringe patterh under a ‘white light' envelope,
w('rg - TO). The incremental tracking delay inserted in signal #2 is

adjusted such that W(t_ - 7 ) ~ 1. Note that the phase at the low

T
g

e sk
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pass filter output, “’LO‘g’ depends on W rather than the sky fre-
quency, w. This is a result of the incremental delay trackihg the
geometrical delay. v

The interferometer baseline vector between any two stations
at geocentric coordinates wi,' )‘i and geocentric radius, ri, is
B =‘?2((92',_)\2) - ;l(ol,xl), see Figure A.2(a). The source-baseline
geometry, Figure A.2(b), is coﬂvenieqtly exyreséed in terms of their
Greenwich Hour Angles (GHA) and declinations, Ls, LN and- LB’ by
The interferometer hour angle is defined as L= Ls
description of source-baseline geometry is included in Appendix B.

The interferometer baseline vector projected jinto the plane of the

jncident wavefront, the u, V plane, is

=1
[}

BcosstinL‘_,

v = B(sin &_ cos 65 - cos 6B sin 65 cos L)

B

where u is toward the east and v the north. The quantities u,v and

B are expressed in units of wavelength. The geometrical interfero-

meter delay for any source-baseline geometry is

2B
-'rg == (sin 68 sin 6s + cos by C€OS 6s cos L) .

- LB‘ vA detailed
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Consider a source brightnesg distribution which is extended

over some small o on the sky, I(p), where p = [Qe . q2]1/2
X Yy ’

A = (0 - - - ’
g = (@-a)coss,, Ay =6 -6y and b is 4 to 8. Then the

interferometer response is

R(t)

d5 1(o)explj 2n(B - 8+B .0
source mt §+B-0)]

1

exp(§ 21 B - 8) .

j‘ a, dey I(ex,éy)exp 2 n(u@x + vay)] .

The integral term is called the cbmplex fringe visibility and‘repre-
sents the spatial coherence at u, v in the radiation field. Or
alternatively, y(u,v) is a measure of the amplitude and phase of
that angular harmonic, k = 2, P2 ) and
R [u® + v7] , of I(ex,ey). 7(u,v) and

I(ex,ey) are Fourier ‘transform pairs. Of course, a reasonable esti-
mate o i

f Igex,ey) requires adequate sampling of y(u,v) in the u, v
plane.

There are then four quantities that are observed during a
single source-baseline epoch. They are the interferometer delay,
cross-correlation amplitude and phase, and the phase time rate of
change. The fringe rate is ’

§ =2
¢ =5t

=~ Bl cos Dcos § sinL ,

b
[ g
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where 0 is the siderial rotation rate of the earth. Fringe rates
are typically several hundred Hertz for baselines of 106-wave-

lengths.

B. Very Long Baseline Interferometry

To properly measure the spatial coherence across the radia-
tion field of a very small angular diameter source, << 10", large
sambling separationsbare required, i.e., > 106 wavelengths. Real
time, phase stable transmissions of each observatory's sampled video
data to a remote cross-correlator present a technical difficulty as
yet not overcome iﬁ a practical manner. Although two-element long
baseline interferometers have been linked through relay satellites,
thus far it is prohibitively expensive. The standard practice today
is based upon individual station local oscillators with state-of-
the-art phase stability, high data density tape recorders and
sophisticated hardware/software devices calculating cross-
corrélation between pairs of data tapes. Several tape recorder VLBI
systems are presently in uée. The NﬁAO Mark I VLBI system writes
sampled video data on standard 9 track tapes in IBM-compatible )
format. The widest MKI bandwidth is 360 kHz. The low data rates of

the MkI make for very few data errors and high accuracy in the cal-

culation of cross-correlation amplitgde and phase. Data processing

of MkI tapes are accomplished entirely in software and can be done
on any suitably large computer. The primary disadvantage to the MkI

system, besides requiring prodigious amounts of computer time, is
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1£s relatively narrow bandwi&th‘ The Mkl was the first VLBI record-
ing system in general use and is maintained today for obsefvations
requiring accurate interferometer pﬁase, such as source-position
measurements. The NRAO Mark iI VLBI system takes advantage of
higher data recording rates available on commercial helical-scan
video tape recorders. The maximum video bandwidth possible with the

MKII is 2 MHz. Cross-correlation calculations, tracking incremental

" delay and fringe stopping are accomplished in a hardware/software

device, the MKII VLBI Processor. General purpose computer usage is’
drastically‘reduced by the MKII Processor. Although the wider band-
widths resuit in increased S/N on the cross-correlation samples,
interpretation of the absolute interferometer phase is difficult.
The MKII Processor can be used aé a spectral line VLB corielator,
éhat is, it calculates cross-correlation spectra, S(wk). The NRAO
MKII system is in wide use today, mainly for sampling higﬁ S/N
cross-correiation amplitudes of structured continuum sources, and
spectral line measurements of OH and H20 masers. The MKII Record
and Processor system was used in this experiment and is described in
detail in Appendix C. Within the past year, the new NASA MKIII VLBI
system has come into operation. ~The MkIII combines the best fea-

tures of the MkI and MkII. A video bandwidth of up to 50 MHz is

recorded in 2 MHz increments on a 25 channel instrumentation tape

recorder. The MKIII is an extremely versatile instrument and offers

——‘—mpe;&,ﬁv@
-
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a factor of 5 increase in S/N over the MﬁII. No  provisions are
presently available for processing spectral line observations.

Tﬁe successful operation of tape recorder and remote correla-
tion VLBI systems depends upon four criteria.

1. The local oscillators at each station must have suffi-
cient spectral purity and frequency accuracy such that they estab-
lish a reasonable cohgrence tine, Tc' Tc is that timé interval ovef
which random Lo phase fluctuations degrade the cross-correlation
amplitude by 0.5. That is, if the cross-correlation amplitude is a
constant, A, and the temporal variations in Lo phase, ¢(t), the

coherence time is defined such that (Moran 1977):

AT = [ T expls avy| = A
e = i.’o exP[J o(t)lat -‘2" .

For randomly distributed o(t) with zero mean and variance di = (¢?);

n

I
A(T) ~ exp(- -g) .

The fractional frequency stability of the Lo is specified, Av/v,

hence

(wz) = [(av/v)2m v T)]2 .
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Local oscillator signals are phase-locked multiplications of
a 5 MHz frequency standard oscillator output. Stimulated émission

from the 1420.4058 MHz neutral hydrogen transition can be produced

- under laboratory conditions. Emission from a hydrogen maser cavity

is coupled into a system of phase-locked multipliers, dividers and
synthesizers which outputs the VLBI standard frequehcy of S5 MHz.
The fractional frequency stability of hydrogen maser standards’

14 for T > 100 sec, but decreases to 10 as 7

approaches 10~
0.1 sec. Crystal oécillators with good short-term stability are
usually phase locked to the hydrogen maser output. The crystal
oscillator acts as a fly wheel on the hydrogen maser, thefeby
improviﬁg the short-term étability. At 1665 Miz we would expect the
coherence time betwee& a pair of hydrogen'maset sfandards to be over
two hours. Small differences in the oscillator frequencies would
appear as a constant fringe rate offset and are easily removed
before the cross-correlation operation.

2. For typical VLBI baselines of thousands of km, the inter-
ferometer observables are very sensitive to the s§urce-baselin§
geometry. As seen in Part A, an incremental delay must be applied
to the signal from the station the wavefront arrives at first. As
it is impractical to do this in real time at the respective observa-
tories, the delay must be applied later in the data_processing. So
accﬁrate knowledge of absolute time, hence inﬁerferometer hour

angle, is necessary at each station. This is accomplished using the

R
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100 Knz navigétiohal broadcases of the LORAN-C network. Observatory -

time can be synchronized to within ~ $ pusec of UTC by the LORAN-C
transmissions, quite adequaﬁe for VLBI purposes.

3. To attain reasonabie S/N in cross-correlation, as wide
bandwidths as possible must be sampled and recorded. A fundamental
difficulty in tape‘recogding video signals is the sheer volume of
information to be recorded. In the NRAO MKII VLBI Record Terminal,
video data of 2 MHz maximum bandwidth are one-bit sampled, formated
and recorded at a 4 MHz bit rate on color-television video tape
recorders. The information density on the video tape is
> 800 bits/mme, typical of a photographic plate. The record termi-
nal formats the data into frames of 1/60 second, one rotation of the
record head on the helical scan recorder synchronized to station
time. A L MHz signal from the station frequency standard is diphase
.encoded into the data stream as an ‘assured' clock. A complete time
code is written on the audio track at 1/66 sec intervals. In this
way, the UTC of a single data bit can be recovered at playback by
reading the time code, counting ffames from the last UTC second and
counting bits in the assured clock.

L. The MKII VLB Processor, located at the NRAO, Chailottes-
ville, Virginia, is a hardware/software device which plays back

tapes from pairs of stations and calculates the appropriate cross-

correlation functions. The MKkII Processor is discussed in detail in

Appendix B. The MKII is a very versatile instrument allowing entry
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of offsets in Ly T ,'and baseline-source geometry. The MkII

g
reduces the number of data bits per second by a factor of ~ 3600.
Observations of a particular source at a set of observing
parameters are conducfed over a contiguous length of time called an
6bserving scan. In the spectral line mode, ERII observing scans are
typically 50 minutes on-source followed by a 5 minute off-source °

scan. The MKII Processor correlates at a real txme rate filling a

9 track computer tape in approximately 55 minutes.

C. Uncertainties in the Cross-Correlation Vector

The observed cross-correlation is a conmplex quantity, R ejﬁ
which is the sum of the signal cross correlation and randomly dis-
tributed noise vectors, R ej§ ZN_l 5 i. -The expectations and
variances in R and & can be estimated using the theory of random

phaso; sums. Consider the signals from each interferometer element

that are input to the cross-correlator,

x (t) _/“s () +/Knl(t) ,

x (t.) -/—A;sa(t) +/; na(t) R

TAl and TA2 are the antgnna temperatures of a point source, TRl and

Tpo @¥e the system temperatures, and Sl(t), se(c), nl(t) and na(t)

are the time representations of the statistical fluctuations in the

e e vt
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antenna and noise signals with normalized variance and zero mean.

The cross-correlation is

R(t)

x;(t)xz(c)

= /T T,y A2 s (t)S (t) + /'rm_'rRa Sl(t)n (t)

"TpoTm Se(t)“ (t) + /Ty Teo 1“)n (L

where the expectations of the various conjugate products of the
S(t)'s and n(t)'s are unity. The true cross-correlation is the

vector

Al A2 Sl(t')s (t) :

The remaining terms in R(t) are uncorrelated and statistically
independent, thus summing to a single noise vector with randomly
distributed phases (Rogers 1977). Then the measured cross-

correlation is the vector sum’

where

1
s
{
i
i
¢

1
B
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o e /TAlTAe i
1 vt ’

_ / TarTre * TAsz mTae 30
=, e »
Av?c

where n, is the mms of the‘statistical fluctuations in C and lies in
the direction of C and n, is the rms of the statistically indepénd-
ent cross-correlation terms. For a 128 channel Hanning weighted
cross-correlation spectrum, the frequency resolution is Av = 4 B/128
with bandwidth B. The *c is the coherent integration interval.

If the phase of C is defined as zero, cx = C and cy = 0, the.
quadrature components of the El + 32 variaﬁcé can be simply
expressed  (Moran 1976b), » ‘

2

% T [Ty * Tr)(Thp + Tgo) * T Tpo)/2 07
2 _ i :

oy = [(TAl + TRl)(TA2_+ TRQ) Tpy A2]/2 (LS

The vector diagram of R = C + Hl + 32 is shown in Figure A.3.

Generally nl(t) << nz(t), hence o, =‘cy and the total noise
vector can be considered as a uniformly distributed phasor.  The

phase distribution is uniform,

Sow samms
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p(g):;,i; (0s8s2n)

and the amplitude distribution

n
g
ny

» 2
P(n) = (- n°/2
(n) exp/. n /‘ °x°y)

is the Rayleigh distribution. The distribution of the quadrature
components of R is that of a constant phasor plus a Rayleigh phasor

(Beckmann 1967):

2 2
(R, - C) R
: 1 X y .
P(R_,R ) = =————— exp| » =g - ¢
%’y 21 o0 2 2
xy 2°x 2oy

The amplitude and phase distributions of the measured cross-

correlation are written (Beckmann 1967):

' 2 2

__R R° +C
P(R)‘oo e’q’[’zoa ]Io
Xy Xy

Xy

RA
g0
where,Io(z.) is the modified Bessel function of zero order

1 2
I(z) = 5= Io exp(z cos ¥)dy
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and
r [P 2
P(3) = 5~ ex'p(- 3 °'x°y)[l +G /a0 (1L + erf Glexp G ]

where

C cos &

G=ony= (Osv§s2n) .

For the strong signal case, TA1TA2 >> TRlTR2/2 A\a‘rc, the

expectations and variances of R and & can be estihated (Moran 1977):

R ~/T T |1+ TmTre Y
AL7A2 LT T, . vt
v ALtz Ve
o2~ ‘m'Re
2 AvVT ’
[
(=0
o2~ _ TRUR2 )
] 2 TAlTAz Av‘rc

The strong signal approximation is a valid case for this experiment
where TAlTA >~ 1 °K2 for weak features (5 Jy) and typically

D o 2
_TmTR2/2 vt > 0.1 k",

e ot
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If N consecutive samplés of § determine the fringe rate, :},

the error in & is

Ji2 9

P

. TC[N(N + 1)(N -~ 1)11/?

_ For the weak signal case, /T, T, << yTp Tps [V evr,

(R ~ (r_r)l/ 2 [Taltpe [, IaTae | Ve .
R 2 2 avr, | ; 2 ’

'TR].TRQ

2 _"mTre n TaTao BVTC\

g G rrTTo |
c R1 R2
() =0 ,
| 2 ' 1/2 T,.T 2

2_ 1 9 AL"A2

[o it -—5‘ 1l - 3 T 2 AW.C

¢ 2 R R2

as TAlTAZ -+ 0,
- @7 [ 2 Ry
T2 2 AVT > 2 T 2

2o

$ 3

170

A-G78-980
ANTENNA #1 ANTENNA #2
Alw) cos (wt-wrg) Ajlw) cos (wh)

LOW NOISE
RF AMPLIFIERS

LOCAL
0s¢.

A, (w0 con (w1-uTg) costu o) corlot)

Aalw) cos (wh cos (wot) -

NARROW BANDWIDTH
T LR AMPLIFIERS

Aylu) con[(w“,) l]

INCREMENTAL
TRACKING DELAY

[ oo, }
Atorcos [(u-u gi1-ur,] | IS

Aglutcon [(wu o) (1-7,)]

llN'lEGRA'IORI

sin | #84 (v,-1,)
R(1) = A cos(w v, ){-—L-'—o—]—}

(UN] .aa(,'_,ol

Figure A.l. Schematic representation of a simple connected-element

multiplying interferometer. The incremental tracking delay
inserts a delay in signal #2 equivalent to the geometrical
delay in signal #l. The bandpass has a rectangular frequency
response from O to Bo Hz, hence the interferometer response

is of the form of A cos(mLng) fringes under the
s:‘mc[rﬂsa(ﬁ'g - TD)] delay tracking offset window.
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. A-G78-373

Z, NCP
8 STATION 2
STATION { G _
i ' : A-G76-TI2
1 2 hr ‘
® X, A= 0 .
| A,
A y
v a=6" (a)
Z, NCP
A i X
; i -co tion phasor R is the vector.
Figure A.3. The observed cross correla ph he
g Z ¢ sum of three vectors in cross-correlation space. A is the
8 -8 X, A oh’ true interferometer cross-correlatiin, ny js the rms of the
; L . ’ statistical fluctuations in A, and n, is a Rayleigh phasor
) proportional to the mean interferometer syste@ temperature.
. In this example, X, and hence nyy are constrained to have
' . zero phase angle. .
Y6 ‘ (b) . i

Figure A.2. Radio source - interferometer baseline geometry.
(a) An interferometer baseline vector in terms of the geo-
centric coordintes of the observing stations. The x, y
lie in the equatorial plane with x in the direction of the
Creenwich Meridian; z is toward the North Celestial Pole.
(b) Source direction and interferometer baseline vectors
expressed in terms of declinations and Greenwich Hour Angles.
The X, ¥y, z coordinates are the same as in (a).
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APPENDIX B

A COMPENDIUM OF VLBI FORMULAE

A. Glossary of Parameters

The nomenclature of coordinates and parameters used in this

thesis and in this appendix are as follows:

ofr N
Ry
930 N
Oy 55
L

S
837 Lsi

Baseline in units of wavelength

Equatorial component of B

Baseline GHA (Greenwich Hour Angle) and
declination

Geocentric latitudé and longitude of the
iﬁh s£ation

Geocentric radius at @{, k{

Geodetic latitude and longitude of the
iEE station

Source right ascention and declination
Source GHA

Source elevation and hour angle as viewed

from i.-t-'h station

UT

" GST

)\I

(D'

Source position offsets from o, 63

D
.

.

+  Universal Coordinated Time
s Observing frequency

Right ascention at meridian transit at

0 hours UT at A’ = O hours.

B. Baseline Geometry: Geodetic to
Geocentric Conversion

= N\ y
- = -11' 32/'7430 sin 2 o
+1/'1633 sin b @ - 01/0026 sin 6 @

The geocentric radius is

R =

where the

% (0.998327073 + 0.001676L38 cos 2 o

- 0.000003519 cos b4 @ + 0.000000008 cos 6.@) ,

equatorial radius

a= 6378;160 km

Siderial angular rotation velocity of earth

17k

In the geocentric coordinate system, x = 0 hrs GHA, y = 6 hrs

GHA and 2

= § = 90°, the position of the i station is

meare s (e

S

el

o

RR
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‘ .
xi cos ,mi cos Ki
. « ’ ’ .
yif = P‘i cos o sin )‘i
« .
z5 sin o5

The baseline vector is defined as the vector pointing from-
station #1 (western) to station #2 (eastern) in the geocentric

coordinate system, that is

wi
"
-1
'
=
-

=BLX+BY§+B2Z |,

’ 1 v )
BX cos (pi cos xi
2

X i . ’

- \ - ’ ’

BY s (-1) R, {cos o sin A[

o=l v
BZ ; sin epi

B = (BC + 3y° + pz)M?
-1 v
&6, = sin" " (BZ/B) ,

Ly - tan! (BY/BX)

or
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BX | cos GB cos LB
1BY| =B cosﬁBs;nLB .

BZ sin GB

C. Baseline-Source Geometry

Tﬁe source GHA is

LS = GST + 1.0027379093 uT - a,

and interferometer hour angle is

The baseline vector can be reduced to the u, v, v coordinate system,
where u, v is the plane parallel to the wavefronts arriving from the
source and w 1s‘ toward the sourceé position, as, ‘5s' Increasing u is

towards the east and increasing v is towards the north.

u sin Ls - cos I.,s 0 BX

i. = y - g

;? v sin és cos I.s sin és sin Ls cos 65 BY
W cos 6s cos Ls cos 6s sin Ls sin .65 BZ

or

e b
-
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u= Bcos 6, sin L, . N ’ e

B =Bcos b,
v = B{sin 5}B cos §, - o3 63 sin bg o5 Lo, b = B cos 6B svi‘n LT
w =T - &= 0(sin 6 sin b5 + cos by cos bg cos L) ' Vo = Bsin gy cos by .

D. The Interferometer Observables

- the .
,n 1. Time Delay
Yyx = Brg Ap. 3
) T = < B+«s ,
Vuax = BZ cos ss + Wy sin 6s o
== (sin GB sin 6S + cos GB cos 64 cos L) R

The baseline track in u, v with changing interferometer hour 2. Fringe Prase and Rate

angle is
d=ur
w=asinL , . - At AL
- == e T
v=v -bcosl , : ' at 3L 3t 7
$=-2nn_ucos 6Bcos 63 s:‘mL 3
which over 2l hours describes the ellipse N =-2mQucos 63 ’
2 ' ' .

w2 (v - vo) L where 0 is sidereal angular velocity of the earth, Q = 1.160576(10) 3.

e ct——— = .

2 2 4 '

a b sidereal Hz.
where
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3. Complex Visibility .

©

y(u,v) = f a9 dey 1(ex,ey) cexpld 2n (uex + vey)]

where I(qx,ey) is source brightness distribution.

E. Offsets in Observables

Offsets in the parameters which describe source-baseline
geometry result in interferometer observables other than would be
predicted. If the offsets are small, they may be conveniently
expressed as incrémental changes in the spherical coordinates of the
baseline or source position. Using Taylor expansions of the observ-
ables in terms of the 6ffset parameters, the changes in ¢, § and §

have been calculated.

1. Source Position Offsets

If the source position offsets are defined as

D
it

(a - as) cos b,

k3
"
o

y "0

then the observable offsets are (Moran 1976b):

180

A‘\“b ‘)g ('-‘ex + Vey) »

A%

2 ﬂ(uqx + vﬁy) R

db=2naBy(cosL -0 +sinb sinL - 0) .

2. Baseline Offsets
Consider baseline offsets specified in geocentric

coordinates.

ABX = BX - BX°

ABY = BY - BYO

ABZ = BZ - BZO

where Bo = [Bxi + BYi +'BZ§ 1/2 is the reference béseline, i.e.,
used in the MKII Processor, Figure B.1.

Expanding and disregarding terms 2nd order and higher in ABX, -
ABY and.ABZ, the offsets may be expressed in terms of baseline

direction and length.

BBgg = (8BX - BX_ + ABY - BY)/B oo

AB = (ABX - BX + OBY - BY + ABZ - 1320)/13O s
2
ALy = (aBY - BX - BBX - BYO)/BO’EQ ,
. ) = 2
8oy = (ABZ . Bo,m - ADEQ . Buo)/BO ,

B a4
o
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then

> .

2 % (g . ]

b= — {(sin LIS sin 65 + cos 8 cos by cos L] B,
+ [cos 613 gos bg sin L] ¢ ALy

+ {cos SB sin &g - sin,eB cos &g cos 1) - AsB] ,

A% = wpAT
. ’ ABEQ
By =270 By o cos as(congALB-sinL‘g——- .
. ‘ 0,EQ

In the case of an equationally mounted telescope whose ﬁonr
angle and declination axis do not intersect, but are connected by a
vector, S, which is orthogonal to both, the vector b then is inbthe

equational plane and points toward the source right ascention. Its

is in fact

GHA is the source GHA, LS’ and the angle b makes with EEQ

L. T}ierefore,, the baseline offsets are sim'piy

AB. =bcosL ,

AL =

[
o

Ad

Note that A% = O for this ce,sé.
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3. Time Offsets

If GSTo and UTO- are the reference times, then
ALT = {(GST - GSTO) + 1.0027379 (UT - UTO)

and

\B
) oL
AT = 5 cos 63 cos 5S sin L ALT s
A% = wAT )

AQ:-‘2‘|'|’QB°’ cos escosLo ALT o

EQ

4. Differential Atmospheric Delay
The group delay due to the index of refraction of the neutral
atmosphere is expressed by a simple model with an accuracy of 10% to

15% (Robertson 1975):

-1
_ . - 0.00143 -
al0y) = *z{'f'm % * %an 5, + 0.0 5] ’

where T, is the delay through the atmosphere towards the zenith and

) N is the source elevation angle at the :’.g station,

o oy i g
iy
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4
It
-
—~
(™
]
~
p
0
123
13
(2]
-

_n -1 N ‘ .
Ay =5 - cos (sin ‘”i sin 65 + cos (p{ cos 65 cos Lsi)
and
Lsi = GST + 1.0027379 UT - st - N .

i

The observable offsets become

br = 1,(0y) - 1 (8,)
AY = wAT ’
2
: -3 d7(a.) 28
b= g AT S i, 7
A% w 3t W ‘}‘ ( 1) YN 3% y
i=1 1
where
where
2
0.00143 sec” g,
cos g, - ———-.______._1_5
_(tan g, + 0.04L5)
ar(ny) s i 7
393 ° 0.00143  |°

sin 8y + 3 8, + 0.0W5

and
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. ) w ey
aei < B cos of cos 6s sin Lsi
3t~ q
1 s ’ 2 1/2
[l - (sin o sin §_ +cos of cos‘{;s cos Lsi) J

5. Diurnal Aberration

The angular rotational velocity of the earth causes the

interferometer delay to be shortened or lengthened as L increases. A
dimensionless correction factor is determined as a function of the
coordinates of the station at which the source wavefronts arrive

late {Cohen and Shaffer 1971), such that

bt =€ Ty

A% = wAT )

R,

= .2t ’ 3

€ = o COS ¢; cos 6, sin Lsi »
o°R ,

€ = - —g= cos g cos és Lst

i = 1 (western station) - when r > O

[y
1]

2 (eastern station) whent <O .

e e
.
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A-G78-574

Z, NCP

r Z
2 _
8o Bl
X, x=0"
r‘>
’ *\.. E ’ ’ ’
X% 2,) 24X Y. Z))
L '

’ hr
Y,A=6
Figure B.1l. The ‘true interferometer baseline, —Bl, is the vector sum
of the spécified interferometer baseline, §°, and a small

offset geocentric position of station #1, . The local hour
angle of b at Xp» Yp5 2y s L. In this case, the declina-

tion of b is zero.
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APPENDIX C

 FUNDAMENTALS OF THE NRAO MII VLB RECORD

AND PLAYBACK SYSTEM

This appendix discusses the NRAO MkII operation in terms of
the major hardware and software components along the respective
signal paths. Phase, frequency and time errorsv introduced during
observations and subsequent processing are reduced to the resultant -
offsets in the processor output. Expressions for the signals from
each antenna are traced through the MkII system with particular
attention given to the fringe phase. A detailed déscription of the
MkII @eration is presented by Clark (1974) and an overall review of

VLBI correlators, including the MkII, by Moran (1976b).

A.  MKII V'LB Record System

Phase stai;le video signals will be recorded at station #1
(wéstern) and station #2 (eastern), see Figure C.1. The various
multiple mixing schemes at different VLB observé.tories can be con-
yeniently expressed as one SSB mixer to which is applied o the

O Hz video frequency. The signals at each station preceding the SSB

are:

-
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» xl(t) = Sl(w)cl(m)cos[wt - ry * epl(t)A + ¢l(u,)] , . ‘ selected and low pass f;ltered such that 0 < (w - “’II,O) <2n B
s w! . ' s
xz(t) - Sg(w)Ge(w)COS[wt . wz(t) . »ya(t)] , » The app}ied LO frequency is @ o7 the specified LO frequency i
s phase offsets in the LO are ¢ ,(t), and the video bandwidth is
“Loi 11
Bo.l' The video signals to the MKII sampler input are:
vwhere v . .
% (8) = S, ()6, (w)eos(w - w/ )t = wr_ + 0 (8) + v ()]
m ' = observing frequency, l‘ 1 1 ‘o1 g 1‘ 1
. i
s, (w) ‘= sky signal at station i, %) = SylwiGy(wleosv - wop)t + wy(t) + 4,(w)]
Gi(w) = total gain through station i,
mi(t),ezn i(u,) = time and frequency dependent phase offsets at . where the 10 and sky phase offsets are combined in wi(t).
station i, ' . v In the MKII, the video signal is one-bit sampled at a 4 MHz
t " = epoch defined as the arrival of o = gt at rate and diphase encoded with 4 MHz derived from the station fre-
station #2. ‘ : quency standard. The station timing superimposed on the video data
stream is the assured clock. The data are organized into 1/60 sec
The actual geometric time delay is ) : records (frames) with 8 bit synch words every 512 wsec. One frame

is recorded on each pass of the rotating head on the helical-scan

) + ot ‘ ) video tape recorder. A station clock offset from UTC, 1 ci? intro-
g - o | -

duces a phase siope across the video passband recorded by the MKII:

T =7 _ (cale. from
g 80( .

The 'ce‘rm‘mg is the sum of contributions from differential tropo- :
) . = - ! -
xl(t) Sl(w)Gl(w)cos[(w quOl)t v

spheric delay, diurnal aberration, errors in specifying the sdurcé~ g
. ) - - w’ 1 .
baseline geometry, relativistic effects and frequency dependent + (o wLOl)?cl * ¢l(t) * Wl(w)] ’
L ) . . ’ _ IRy
propagation delays. ] ) x2(t) 82(“")(}2(“’)‘:03[(m u’L0v2)t

The local oscillator signal of the 1m station is

’
, ; , P o wpp)Tep Fop(t) + (]
co:s[u)Loi t o+ chi(t)]. The RF signal is mixed to baseband, USB :

et sio sereaiiishens
.
o




189

B. MKII VLB Playback Cystem. -

The recorded video tapes from all stations are brought
together at the site of the MKII VLB Processor at NRAO,
Charlottesville, Virginia. The proper interferometer delay and

. fringe rates at the observing epoch are cﬁlculated in the on-line
Varian 620 computer and by means of hardware/software combinations
are applied to the appropriate data streams. One, two or three
baselines may be processed simultaneously with various combinétions
of length of complex cross-correlatioh and autocorrelation func-
tions totaling 576 correlation channels. We will consider here the
case of correlating over a siqgle baseline in the spectral line

mode.

The processing sequence begins with the MkII hardware reading

the time codes and frame counts on each tape and aligning the play-
back recorders (refer to Figure C.2). The phase of the rotating
head drums of each recorder. are controlled by the MKII such thet
temporal alignment is maintained. The sampled video data and the
assured clocks are recovered from each stream of encoded data. The
sampled video data are sequentially loaded bit by bit into 2048 bit
ring buffers. 'The individual bit address, the load pointer address
(LPA), is the count of the assured cléck from the preceeding synch
word. Since the assured clock phase is sensitive to the recorder
instabilities, ~ 100 ysec, the saﬁpled video data is not loade§ into

the delay buffer at a uniform rate. The address of the unload
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pointer (ULPA)vfor eaéh deld} buffer-is the count of pulses from a
single 4 MHz crystal oscillatoi. Thus the data streams from each
delay buffer emerge at a uniform ratef- The playback recorder head
drhms are phase locked to a 60 Hz waveform from the ULPA counter.

Therefore, within the limits of the head drum contfol, ~ 100 us;c,

the ULPA and head drum rates are synchronous. The synch words

-recorded at 512 usec intervals in the data étream are used to reset

the LPA. If the LPA is not zero when a synch word. appears, the LPA
is reset and the MKII indicates a data dropout. Since the ULFA
increments at a uniform rate whereas the LPA has the 100 psec
recorder fluctions, and as the ring buffer is cycled 1n.512 psec,
the ULPA must follow the LPA by approximately 180 degrees to avoid
overwritten data. Thé delay calculated by the Varian 620 is in-
serted into the data stream of which the source wavefront arrives
first. ThevVarian 620 drops pulses in the 4 MHz to the ULPA counter,
thereby delaying the ULPA and hence its recorder's head drum. The
LPA sees the playback recorder slowing through the‘assured clock.
The ~ 180 degree phasé difference between the LPA and ULPA is main-
tained as the recorder reaches the calculated delay. Small changes
in delay are accomplished mainly in the delay buffer. Station time
is determined from the time code track, the frame coﬁnt and the
assured clock count following the synch words.

As defined in Section A, the source wavefroﬁt is delayed to

station #1. The processor will delay the data stream from

station §2:




191

(1) = Afweoslls = wfgo)(E * 75) = (w = o))

’
Yro2’"p

*oy(t) + i)

The processor delay, ’p’ tracks the geometrical delay, 1go’ in
increments of 1/23O thereby introducing a delay error in data

stream #2:

Observations at centrimetric wavelengths over interferometer
baselines of several thousand kilometers produce fringe rates in the
kHz. 1In order to reduce the data processing rate and increase the
correlator integration time, the high natural fringe rate is removed
by the lobe rotator. In the'lobe rotator, one data stream is multi-
plied in quadratufe by the phase of artificial fringeé whose rate
and phase are calculated by the Varian 620 for that epoch. The lobe
rotator acts as a SSB mixer in tha£ the fringe frequencies are
reduced to baseband. The artificial fringes are generated from
4 MHz by the Varian controlled programmable divider. The phase and
.rate are updated every 0.1 sec and the fringe rate period is tracked
in increments of 50 psec (Moran 1976b). At lower centimetric wave-
lengths, the time derivative of the fringe rate is sufficiently low

such that the residual phase drifts by a fraction of a degree

Ar
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between updates. The lobe rotator phase is o = Wy Tgo - (wLOQ -

wLol)t + 6. One component of the rotated data stream is

'7'¥l(t) = Al(w)cos{(w - w£01)(t + fcl\ - wwg + wl(t)

* 4y (w) - <wL01 Teo) * (Opop T up )t H 81

The quadrature components of x are correlated with x2 in the
576 channel correlator. The individual correlation channels are
one-bit Exclusive-OR gates‘such that XC = sin % pc) (Weinreb 1963).

. th
The correlator delay increment is AT = 1/2Bo. The delay to the i—

XC channel is 7, = int, where -63 < i < 64. Normalization counts

are recorded for each 0.2 sec integration period. To preserve cor-
relation amplitude, the residual fringe rate must fall within a

window of * 2.5 Hz. If Al(w)AE(w) = A1A2 and wl(w) = wz(w) =y over

Bo’ the cross-correlation of the iEE channel is
XCi(tp) = A, exp(i)W(ary)

where Afi =1p + 1., the residual timevdelays and the delay to the

1

iﬁh correiator channel, A is the cross-correlation amplitude at

152 )
1= 0, -3 is the residual fringe phase and the bandwidth smearing

is
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" sin(n B A,i)

W(Ari) = —WO-—A;:-—- exp(J n B A"i] e

The cross-correlation spectrum is calculated from XCi(to) by
the 128 channel array processor controlled by the DGC Nova II
computer,

Spp(meto) = Ao (wt )exp(§s) « s(bw)

where x denotes the convolution with the spectral smearing function

Sin(‘n 6l Aw)

B
- o o €4 Aw
s(bw) = = 6% Bw exp[\j o ] »
B
o .
and Aw = mk The video frequency of the k—};l spectral channel,

W, is incremented by 30/128' The residual fringe phase in the il

channel is
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¢ = mk(' - A"'p MAPCE ) * wLOl( g ?go)
’
T ml)'go - lopgy - Loa)““ * Teo)
* opgp = opy (“’LOL - oot
+ bo(w) + 8t ) +6
e ! o
with mk =w - wLOl.. ‘
. i v .,
If T = Teor Tg = Tgo’ “ror T Pror T Yoz T Ypozr M4

= Ay = & =0, the residual fringe phase, § = = Afp, is a result
of the incremental error in the tracking delay. This phase offset
is both frequency dependent and time variable in Afp where

- 1/h B, sb; p S /4 B, Between delay increment updates,

‘The Fractional Bit Shifter compensates for the error due to the

discrete delay tracking by multiplying 812(@“,(:0) by exp(;j_mk Afp).

Thus the residual fringe phase becomes:

e

R,
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,

L “‘k(fg T Tgo T Te2 " el * mLOl("g - Tgo)
’ - ..' ' —w! \ +'1
+ (00p = 9y g0 * (W01~ Yro2 (A'p_ 2

: ' A-G78-598
Y - (! w! Nt : - : :

s Lor ~ “no2’ o ) ’ BASIC ELEMENTS OF A TYPICAL VLBI STATION

+ ((w

Lo2 - “rol

+ doly) + A'i!(to) 8 .

LHC | | RHC

Errors in specifying source-baseline geometry cause TG - fgo off- H‘YDROGEN MASER

_ OR RUBIDIUM $TD. s ) LOW NOISE
sets. Since interferometer delay is time variable, a fringe rate Tnto : RF AMPLIFIERS
STANDARD OFFSET | 115 MH
offset and @y dependent phase offset result. Relative clock offsets FREQ: S MHz 8AND PASS
SYNTH. FILTER
between stations also cause a phase shift across the video bandpass. SAse lslwm-xsesmm
. LOCKED
5 MHz MuLT. [900MHZT o e pass
FILTER 3
AMPLIFIER
“ I 150 MH2
wwv
IF TO VIDEO
RCVR CONVERTER
uTC BANDWIDTHS
CLOCK 070 (0.0625,0.250, iy,
ORAN-C ot 62.5kHz USB 0.500,1.0,2.0)
RCVR [“’" v MK I VLB
OATA SAMPLER
8 FORMATER
VIDEO TAPE
RECORDER

Figure C.l. The basic elements of a typical VIBI radio observatory
with the local oscillator signal phase-locked to 'a hydrogen-
maser frequency are schematically represented. The station
timing is synchronized to LORAN-C UTC broadcasts and main-
tained within the frequency standard accuracy.. The observing
bandwidth is determined at baseband in the video converter.
Data are sampled and formated in the NRAOQ MKII VLB Record
‘Terminal and recorded on a modified color-television video.

. L recorder.
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Figure C.2. Elements of the NRAO MkII VLB Processor concerned with
applying incremental tracking delay, synchronizing playback
recorders, and fringe lobe rotation. The Varian 620 computer
reads the correlation functions at 0.2 second intervals. The
DGC Nova II computer Fourier inverts the cross-correlation
functions to produce cross-power spectra in real time.
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