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A B S T R A C T

Space V e r y  L o n g  Dascline lnterfer-ometry
(SVLII1)  experiments using  a TI)]LSS  satelllte
have successfully de!noxlstrated  the capability
of using spacecraft to extencl  the effective base-
line  length of VI,B1 observations tmyoncl  the
diatnetm  of the Earth, thereby improving the
rcxo]ution  for imaging of active galactic. nuclei
at centimeter wavelengths. As a result, two
spacecraft dedicated to SVI.J31,  VSOP (Japan)
ancl RadioAstron  (Russia), are scheduled to be
launched into high Rart}] orbit in 1996 and
1997 .  Tl]e success of these  missior]s  clc])mlcls
01] t}le  cooperation] of the international corl]mu-
nity in providing support froln  ground  track-
ing stations?  ~round  radio telescopes, and cor-
relation fac~l]ties.  The timely exchange and
monitoring of data among  the participants re-
quires a well-designed and autornatcc]  interna-
tional data transfer system. 11] this paper, we
will discuss the design requirements, data ~~pes
and flows, and the operational res~)onsib]]]ties
associated with the SVLF41 data tral]sfcr sys-*
tern.

1 N T I { O D U C T I O N  T O  TIIIl SVI,B1
D A T A  T R A N S F E R  SYSTEM

‘1’he nulnber  of facilities that play a role in any
space mission is no lor]ger restricted by institu-
tional  or national boul]darics,  A large  ll]ajority
of missions now invc)lve  internatiot]al  consort-
ia, due to the irnrnensc  cost ancl conlplexity
of designing and operating a space mission and
the desire to jointly benefit froln  space explo-
ration. The ground-based technique of Very
LoIlg Baseline lnterferometry  (VI,BI ) has al-
ways required substantial internatiollat  coordi-
nation, and the extension of VLH1 to include
one or more orbiting radio telescopes requires
a similar effort.

Two spacecra f t ,  VSOP (VI.111 Space Obser -
vatory Programrne)  and RaclioAstron,  are be-
ing developeci  for use as orbiting observatories
dedicated to making Space VI.131 (SVI,III)  ob
servations at  centimeter  wavelcxlgths.  VSOI’

[
]Iirabayashi  1991; IIirosawa  1991), scheduled
or larruch iu 1996, is a project of the Japallese
]nstitute  of Space ancl As t ronau t i ca l  Scien  r

!?( I S A S ) .  RadioAstroll  (Kardasllev and Sly I
1988), a project lcd by the I<ussiall Astro Space
Center (ASC),  is due to be launched irl 199’7.

l’}]e success of the SVL}3 I missions depencls
strollgly  on the cooperation of a -large  number
of il]terllational  organizations, mnc of which
are c{ircctly  involvec{  in raclio astronomy, while
others are contributing or funding hardware
ar]d software support. ~’he inter~lationa]  miss-
ion planrling  for SVL131 is presented in a pa-
per by lJlvestad  ( 1994) at this cor]fcrexlcc.  ‘J’he
nomiual  operation and scheduling of experi-
ments for the missions will take place at ISAS
for  VSOP ancl at ASC for RadioAstron.  The
trackir]g  of the spacecraft will be pm-forllled  by
six tracking stations located worldwide ancl op-
cratccl  by four diffcrmt  orgat]izations.  ‘1’hey irl-
c]uclc  three 1 l-m antennas under construction
by NASA at the l)cep Space Network (DSN)
facilities located at Goldstone  (United States ,

1Mac{ricl  (Spain), and Tidbinbilla  (Australia .
A 14-n~ antenna  will be operated by the Na-
tional Radio  Astro]iomy Observatory (NRAO)
in West Virginia (LJnitecl  States). All four an-
tcmnas will be capab]c of tracking either VSOP
or RadioAstron.  Additional tracking coverage
will be providcc] by a IO-III antenna at  [Jsuda,
Japan (VSOP only) and a 32-m antenna at lJs-
suriisk,  R u s s i a  (RaclioAstrot]  orlly).  “~’rackil]g
sessiol]s at each site typically Inay  occur two
or three times a day and may last fron] a few
]l~inutes to n]ore  than 12 hours. Other ground
raclio  tclesc.opes tl~at will provicle  co-obscrvir]g
support with RadioAstron  and VSOP i]]clude

.
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(hut are pot, li*nitect  to) t},c Very  lmng  Baseline
Array (VI,BA), the European VLII1  Network,
a.uct the Australia Telescope National Facility.
Correlation facilities located in Australia,
Canada, Japan, the Netherlands, Russia, ancl
the lJnitcd States are being constructed or

modified to accept the necessary files and data
for correlation.

An integral part of the SVL131 missions will
he the implementation of an international data
transfer system that will retrieve and accept
data film,  monitor intermcdiak  ckta products,
and provide or construct the necessary files for
final processing at the designated correlation
facility. The major nodes of this data transfer
system will be operated by ISAS, ASC, NRAO,
and the Jet Propulsion Laboratory (J Pi.);
thcm organizations are also  responsible for all
the tracking stations, and hence will provide
all the space data. Processing of intermediate
data products will be as automated as possible.
Retrieval and redistribution of all data (except
for the wictcballd  VLB1 data), will bc via the
]nternet, utilizing standard file-transfer proto-
cols.

The top-level requirexnents  on the data transfer
system are as follows:

1. Provide access to the detailed schedule files
for all mission e]erncnts (principally ground
telescopes and tracking stations) in a timely
fashion.

* 2. lracilitate spacecraft performance monitor-
ing by providi]~g  access to the telemetry data
obtained from trackixlg  stations.

3. Provide all spacecraft telemetry data re-
quired for the calibration of the space. radio
telescope.

4. Exchange Ilavigation  data required for high-
accuracy orbit determination and subsequent
VI.,131  data correlation.

5. P rov ide  the  VI,131 correlators  with all
tracking-station information necessary for data
processing.

LJPI,lNK D A T A  TYPES {

The types of data that  are associated witl] the
data transfer system can  be grcmpecl into two
categories: files necessary to schedule  axlcl pcr-
forln  an experiment (“uplink”)  and the data
]ieccssary to correlate an experiment (“down-
]ink”  ). Each clata  type  (desc r ibed  below)  m a y
be the responsibility of c{isparate  groups and, in
many cases, depends on illfom~ation  prov’ideci
by other organizations. IIi the following subsec-
tions, wc will describe the files associated with *
the uplink  processes ncmssary to prepare for a
SVI,B1  Cxperimel]t. ,

Scheclule  Files

A short-term schedule generated  froln  the ap-
proved  scientif ic  progratn  for VSOP and I{a-
ciioAstron  will be supplied by the VSOP ~>~
encc oper-atious  Cyroup  (VSOG) ancl liaclioAs-
tron Science operat ions Grou])  (RSOG) for
V S O P  atlcl  RaciioAstroll  res~)cctively.  ‘1’hesc
two groups (knowtt  collectively as the SOGS)
have tl~e additional responsibility to ;>rovidc  a
conflict-free scllcdulc if both spacecraft arc fly-
ing si~nultaneously. Each schcciu]e will be di-
vicled  into segments covering one  week of rni:-
sion operations and will describe all s]}acecraft
and tracking-station activities in sufficient de-
tail to allow each mission e)ernent tG perform
its required clutim. A separate file following
stanc{ard  formats cleveloJ~ecl  for ground VI,131
will be made available to the ground radio te]e-
scopes. I’he initial schcc]u]e will be made avai]-
ablc to the SVL131 dzi.ta  transfer system approx-
ilnatcly  five weeks in ad~~ance  of the requested
support period. It may be modified slightly Up
ulltil  a few days before tile  support is required.

I’he  schedule file obtaillcct  froln  ttle  SOGS will
be n~ai~ltairled  on multiple nodes  of the data
transfer system. These nodes will act m infor-
n]ation servers to supporting ground radio tele-
scopes and tracking stations. Negotiations are
under way to finalize  the contents and c]etailed
formats of the schedule files and the method
of procurelnellt. It will be the responsibility
of the persoxlne] at the sup~)ortitlg  facilities tci,
retricnw each scheclu]e file from the data trans-
fer svstenl,  to extract all inforlllation  nccdecl to
operate their facility, and to translate that in-
forzrlatiotl  illto  the actual
for their mission elcnlent.

corllmatlds  rccluirecl

.
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Predicted  Orbit F i l e s

AtI accurate predicted spacecraft trajectory is
an important clement of the uplink  process.
‘l’his trajectory isnec.essaryxlot  only for point-
ing  gl:ouxlci tracking ante. n~]as,  but also for gcn-
crating an accurate frequency referen c.e for
VL131  observat ions.  Predicted orbi ts  will be
generated by navigation teams associated with

$
the I)SN for both spacecraft), ISAS (for VSOP
only-), an ASC (for RadioAstron only).

UIJLINK DATA F L O W

Figure 1 shows a portion of the uplil]k  data
flow. Short-term schedule files covering a one-
wcek time period are gexlcratecl by the VSC)G
and RSOG for VSOP and RadioAstron,  respec-
tive] y. These schedule files must bc conftict-
frec  with respect to trackix)g  and grourld  radio
telescope support. !t’hey arc made available to
the SVLB1  data transfer system Ilodes such as
the OIIC at JPL, where they may be accessed
by supportixig  facilities. information specific
to g~cmnd tracking stations will bc extracted
and reformatted from the schedule file into the
requircci  opcratiorral  c o m m a n d s .  ~round ra-
dio telescopes will extract all the information
needed to operate their facilities from a sepa-
rate schedule file. In the case of the predicted
spacecraft trajectory, navigation teams inter-
nal to each orgallizatioxl  will collstruct  tl)c orbit
atld  supply it directly to tileir own tra.ckillg  sta-
tions. “1’he predicted orbit also will be supplied
from the J] ’I, orbit  determination group to t])e

-a NItAO tracking station via the data-transfer
node operated by the JPL Project. Figure  1
does Ilot show all ttlc  details of tllc data flow
w i t h i n  the data trarlsfcr  system. R.atller,  the
basic  data types and pathways are indicated.

D O W N L I N K  DATA T Y P E S

The numerous data types created during and
after  an cxpcrirncnt, collectively kr]own as
“post-pass” d a t a ,  i n c l u d e  tbc VLBI d a t a
re.c.ordcd  on video cassettes or instrurne:lt,ation
tapes at  each t r ack ing  statioll  and tc]escopc,
near-real-time data used in monitoring the
s])acccraft and tracking station performance,
ancl various other data supplied by tile  tracking
stations following eactl  tracking sessicm. ‘1’be
latter data include two-way phase residuals
from tllc  link between tllc  tracking stations and
spacecraft, Doppler data, calibratiol~  inforn~a-

tioll from the dow~nlillk  headers, and tracking-
statioll  logs w]lich colltaill  in formatioxl  a b o u t
])crforll]al)ce  aud recording ~)aramctcrs.  ‘1’lmc
data must bc extracted, processed, and sup-
plied to the SOGs or the navigation) teams on
a regular (approxilnatcly  daily) basis. ];urther
processing, analysis, and combination of data
is rccluirect  to generate all the inputs needed for
expcrilnmlt  processing at a correlation facility;
all the final data products must be availab]c  to
the corrclators within  2-3 weeks after a.rl okm--
vation. ‘1’he logistics of a SVIJBJ  experiment
~nay involve lnixtures  of two spacecraft, four
types of tracking station, t~]ree V],]]] recording
syst,  inns, a large number  of groul)cl te]cscopes,
and up to six correlation facilities, ~)rovidillg
an overwhelming nu~ntmr  of ])ossiblc  data for-
mats and combinations. Therefore, one  of the
biggest challm]gcs  for tllc international data~
transfer system is to clefinc  common proccdwrcs
and interfaces for data hand]  ixlg. The subsec-
tions Mow discuss a fcw of the specific activi-
ties a]ld problmlls  associated with tllc  clifferent
data types.

Widebancl  VLB1 Data

‘1’hc VLB1 data arc recorded in real time at
each  site and arc later brought together at a
s]wciat  purpose processing correlation facilit,y.
The bulk of the tracking stations and telescopes
will be e q u i p p e d  w i t h  VLBA-colnpatible
recording systenls. They will record data on
ta]ms  wl}ich  can hold up to 10-12 hours of data
at 128 Mcgal)it/s  arid cost over  $1,000 per tape.
Since  a nonlina]  SVI,B1  experiment may use 10
or more telmcopm  at]d may lmt 24 (or Trlore)
}Iours, the higl]  cost makes i t  imposs ib l e  to
archive the raw data for all (or any) grouncl  or
SVLB1 experirnellts.  (A l-month tape supp ly
for 10 telescopes COSLS over $’600,000. ) I]]stead,
it is standard practice to corrcdate  the experi-
ments, provide a quality check of the data, ancl
then to erase the tapes atlcl  distribute thcrn intc~
a general pool  used by the world’s radio tele-
scopes. The data transfer systenl  lliust  provide
all ancillary data in a timely fasl]ion  so that dc-
Iays in processing do not lead to a recluircvncnt
for purc]lassixlg  additional tapes.

Sc ience  Headers

Tl]e  header  sections of the ciowll]illked wictc-
Latld VLllI data blocks  contain information
about the health  and safety of the spacecraft,
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so some exanlillation  of these data ill near-real-
time is rccluired. q’hese  heaclms  will be e x -
tracted from the telemetry stream by each
tracking station and made available to the
spacecraft operators in a numbm of ways. I’he
lISN tracking stations will extract portions of
the headers and make them available to Itussia
or Japan in near-real-time, via the JPI< data
transfer node; these data will be available for
monitoring of the health and safety of the
spacecraft .  The NRAO tracking statioll  will
check the values of somq  of the spacecraft pa-
rameters and report anomalous conditions to
the SOGS in near-real-time, The Russian and
Japanese tracking stations will extract the
spacecraft nloxlitor  data and provicle  it clirectly
to the a])propriate spacecraft control teams.

The science headers also contain data critical to
space radio te]escope  calibration. These data
will km extracted and made available to the
SOGS  in a manner  similar to that for space-
craft health data, either during (IISN)  or af-
ter (NRAO) each tracking session. Extracted
calibration data supplied by the Russian  and
Japallese tracking stations will be delive:ed  to
the ap}~ropriate  S()(3.

Observ ing  Logs

Station log files describing the performal]ce  of
the tracking stations and evel~ts  that occurred
during each  session will be delivered to the data
transfer system. These logs contain informa-
tion on how the VLBI data were  recordcx’,  at)d

> are essential to the correlation process, ‘J’he
data will be assembled by the RSOG and
VSOG and will be merged into the correlator
input files (see below).

Phase Residuals and Reconstructed
Orbit Files

A phase  link between the tracking station and
spacecraft is needed to provide an accurate on-
board frequex]cy  referellce (e.g. Edwards 1987;
IKWy et al. 1989; D’Addario 1991). Phase  resid-
uals from the two-way link must be tabulated
at a rate of 10 }Iz or greater to correct for
orbit errors and the propagation of the sig-
nal through the Earth’s troposphere and iono-
sphere. They are necessary for correcting the
time and frequency information used by the
cormlator.  Phase residuals from each type of
tracking station are derived in a diffcr~nt  man-

ner, but each station lnust  supply equivalent
ixlformatioll.  ‘J’he phase residuals will bc sup-
pliecl  to the data traxlsfcr  systeln,  and retricwec]
by the SOGs for provision to the correlators.
A common interface recluired  for the different
tracki]]g stations ancl correlators  is under de-
velopment.

The phase link  also will be used to generate
two-way Doppler data. Each tracking station
will deliver Doppler data in near-real time to
the appropriate navigation teams, who will cle-
rive a final  reconstructed orbit .  The rcccnl-
structed orbit ~nust ]nect s$ringcmt accuracy re-
quirements for VLB1 correlation. It )nay  be de-
livered to the data transfer system as Inuch  as
3 wcwks after au observation.

Correlator  Inpu t  F i l e s
/

II] order to pr~c~ss  a svIJ~+] ex~crimcrlt,  a <lr-
relator lnust  reccivc the following via the data
transfer system: (1) VI,B1 data,  ( 2 )  tile  re-
constructed] spacecraft orbit, (3) phase  resid-
uals, ant] (4) the correlator  input log file. ‘lThe
last file is createcl  by the SOGS based on the
tracki~)g-station  logs, calibration data, ancl
s~)acecraft  performance information. A model
of clelay allcl  delay-rate is usecl  to search for the
location of interference fringes (if any) in, the
cross-correlation data for each antenna pair.
The correlator output data is then delivered
to the principal investigator and may be used
to derive visibility functions and various astro-
physical paratllctcrs. This data is archived  at
the correlator facility.

D O W N L I N K  D A T A  F L O W

Figure 2 shows a portion of the downlink data
flow associated with a SVI,BI  experixnent,.  As
with Figure 1, this diagram over-simplifies t]le
data paths within the data transfer system.
Near-real-tirne and post-pass data generated by
various agencies must ultimately be collected
and processed by the SOGS before being passed
t o  tile  corrclator. The operation of tracking
stations  by different agcllcies  necessitates inde-
pcndcnlt  flow of data to the SOGS and correla-
tors. Due to the complex data flow, the final
correlation of data may begin only whexl  al] t]]le
necessary data has been supplied to the corre-
lator,  which may take as long as 3-4 weeks after
a SVLB1 expcrirnent.

.



1

c-
TJ
r 8

Science headers
+

Processed logs
E

Phase residuals

m
u

.

‘ i

—

p

Tapes

—

Tapes
-~(n -i

3)
>
c)
x

z
>m
x’

-i

>

-1
0
z

u)

u

u
co

z
G) zxl

D

0
z

w
❑

—-

Doppler

1 —. J. .



*

A C K N O W L E D G M E N T S

‘1’hc author would like to thank the followitlg
inc]ividuals  who have contributed to the de-
vclopnwnt of the international data transfer
s y s t e m :  M .  Artyukhov,  L. 11’Acldario, 11.
}Iirabayashi,  S .  Kamcno, N .  Kawaguchi,
11. Kobayashi,  G. L a n g s t o n ,  Y. M u r a t a ,  M .
Popov, J .  Romney, A. Shcikhet,  J. Smith,  J.
Ulvcstad, and V. Yakimov.  in addit ion,  the
following individuals at JPL have contributcc]
greatly to the design and irl~plc~l~e.x~tatiorl  of
the DSN  tracking stations and the data inter-
faces  between those stations and the JPL Space
VLB1 l’reject: A. Berman, F. Chen, S, Davis,
J. Ellis, J. Hops, K. Liewer,  H. McLelllorc, A.
Short, and J. Springett.

A portion of this work was carried out by the
Jet Propulsion Laboratory, California ]nstitute
of Technology, under contract with NASA.

R13FEREN CES

11’Addario,  L. R. (1991). Tilne Synchroniza-
t i o n  irl o r b i t i n g  VLBI. IEEE hnsactions
o n  ]Ytstrumcni.ation  and  Mcasurcmcnf,  vol.
~o, 584 -590 .

Edwards, C. I). (1986). Link Calibrations for
the TDRSS Orbiting VLB1 Experiment. Ra-
dio Astronomy from Space.  Proceedings o f
NRA() Workshop No. 18, 1 ‘25-- I ’29, Green
Bank. NR,AO.

Hirabayashi,  H. (1991). Initial VSOI’  Astro-
nomica l  Requ i rements .  F’ronticrs  of VLB/,
15--19, Tokyo: Universal Academic Press.*

Hirosawa, H. (1991). VSOP Satellite Svsteln
Overview. Frontiers of VI,BI, 21-25, Tokyo:
lJniversal  Academic Press.

Kardashcv, N. S., and SIysh,  V. I. (1988). The
RadioAstron P r o j e c t .  7’hc l?~ipacl  of VLBI
on Astrophysics and Geophysics. Procccd-
ings of IAU  Symposium 129, 433–440, I~or-
drecht:  Kluwer Academic Publishers.

Levy, G. S. et al. (1989). VLII1 Usir]g a l’ele-
scope in Earth Orbit. 1. The Observations.
Astrophysical Journal, 336, 1098--1104,

Ulvestad,  J. S. ( 1994). International Mission
Planning for Space Very Long Ba.sclinc  In-
tcrferometry  (these proceedings).

/“


