Preface

On March 29 and 30, 2011, the European VLBtable 1 Previous meetings

Group for Geodesy and Astronomy (EVGA) held its
20th meeting on the invitation of the Max Planck In-
stitute for Radio Astronomy, Bonn, Germany. Starting
31 years ago on the initiative of Prof. James Campbell
this series of conferences can look back to an impres-
sive record. Today, EVGA has firmly settled for a two-
year sequence of its meetings. Starting in Bonn in 1980
the venue has come back to its initial location at 2011
again, though at a different institute. In the meantime,
many different groups have hosted the meetings at var-
ious places in Europe as can be read from the table to
the right.

As with the other 19 meetings before, the occasion
was dedicated to the presentations of the current status
and of recent results in the form of oral and poster pre-
sentations. With 80 participants from Europe as well
as from overseas, the meeting was one of the biggest
clearly indicating that geodetic and astrometric VLBI
in Europe is an important cornerstone of worldwide
VLBI research. The number of contributions has in-
creased to an impressive 41 talks and 13 posters with
many exciting new results and ideas. We are grateful
to all authors who have submitted their manuscripts for
publication in these proceedings and hope that many
more readers will draw interesting information from
the papers.
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EVGA - Looking back at the early beginnings

J. Campbell

Abstract On the occasion of the 20th EVGA meetto decimeter precision (Robertson 1975, Herring et al.
ing, 31 years after the first European VLBI meetind981).
for Geodesy and Astrometry in April 1980 in Bonn, Atthe Geodetic Institute of the University of Bonn
Germany, it seems appropriate to take a look back @intacts with the Max-Planck-Institute for Radio As-
the early beginnings of a cooperative European effdronomy in Bonn (MPIfR) were established in 1974
to establish a regional geodetic VLBI network. It wasnd a baseline calibration software (VLBASCAL, writ-
mainly devoted to geodetic, or rather geodynamic, aen by I. Pauliny-Toth on the basis of Cohen and
astrometric research, but was open also to subjectsSifaffer 1971) was modified and expanded to become
general interest that were relevant to VLBI. The papéne nucleus of the Bonn Geodetic VLBI data analysis
traces the early developments in some detail and refeystem (Schuh 1986). Subsequently (1977 and 1979)
to the continuing series of Workshop Proceedings féwo successive research grants were obtained from the
events of the more recent past. German Science Foundation (Deutsche Forschungsge-
meinschaft DFG) in cooperation with the Astronomi-
cal Institute of the Bonn University (P. Brosche), to ex-
Keywords EVGA, History plore the possibilities of performing specially designed
geodetic and astrometric VLBI experiments using ex-
isting radio telescopes in Europe. These grants in-
cluded the development of geodetic VLBI software and
the organisation of a global astro-geodetic pilot experi-
ment. Several trips to the US in 1979 and 1980 were
In the early 1970's the news about the first succesgssential to establish personal contacts with leading
ful VLBI experiments carried out by leading teams iRy| g| scientists at both the East Coast (Haystack-MIT,
the US and Canada quickly spread to interested Ss§jasa/GSEC and NRL (Naval Research Laboratory))
entific communities around the globe. For geodesisis,q \West Coast (NASA-JPL, Caltech) VLBI centers.
in particular, the technical developments at Haystagi,e new Mkill data acquisition system developed in a
Observatory and MIT (Dept. of Earth and Pla”etaré‘ooperative effort of Haystack-MIT and NASA God-
Sciences, Shapiro et al. 1974 and 1976) raised Spgyrd Space Flight Center on the East Coast and the use
cial interest: the Mark | bandwidth synthesis methog, e DSN of the less costly MKII bandwidth synthe-
was aimed at high group delay resolution in order tgs system by JPL on the West Coast could be studied
resolve the baseline-source geometry with the high&g{_site. Close contacts were also made with the opera-
possible precision. In Europe, in the mid-seventies, thgna| center of the newly established POLARIS Earth

Onsala Space Observatory in Sweden became partaghtion network of NOAA-National Geodetic Survey
to the US for the first transatlantic baselines measurquS) at Rockville, MD.

James Campbell In order to bring together interested groups from

Rheinische Friedrich-Wilhelms ~ Universitat Bonn, 1GG &/ parts of Europe two working meetmg; were
Nufallee 17, D-53115 Bonn, Germany organised at Bonn (AGRAM 1 and 2 - meetings in

1 Introduction




2 Campbell

March 9, 1977 and November 6, 1978), which mayLBI working meetings of informal character in or-
be considered as precursors to the first truly Europeder to coordinate joint activities that would eventually
geodetic VLBI meeting in April 1980. At the secondead to an operational European geodetic VLBI net-
AGRAM (Astronomisch-geodatische Nutzung Rawork, i.e. defining the primary goals, suitable instru-
diointerferometrischer Methoden) meeting in 1978 thmentation and coordinated observing programs.

now familiar goals of a 'cooperative European VLBI
activity’ were laid down (original text):

I. Permanent network of fixed stations: 2 Ear'ly. f’iStr_Omet”C and geodetic VLB
observations on a regular basis (minimum two 48-hour activities in Europe

periods every month) for

- astrometry (extragalactic inertial system, precesa the late seventies, the primary motive for radio as-

sion, nutation, positions) tronomy observatories to afford observing time for
- Earth rotation (polar motion & UT1-variations)  geodetic VLBI experiments was to generate station po-
- Earth tides sitions, i.e. improved terrestrial coordinates of the-tele
- crustal motions (plate stability scope sites, which in turn would lead to better source
- reference observations for mobile stations imaging and more precise relative positioning of close

Il. Mobile stations: source pairs (references in Porcas 2010). This argu-

observations in selected active regions, reference fBENt did have its merit obtaining a share of the chron-
satellite and terrestrial techniques ically short supply of observing time for radio astron-

- crustal motions in the Mediterranean and Turkey ©™MY- _

In hindsight, it appears that 1980 was the cru-
cial year when the more specific scientific goals of
- continental drift astro-geodetic VLBI in Europe began to take shape.

At the same time, the need for advanced VLBIhe research subjects that crystallized in the fields of
equipment was recognised, although ways for optimagtronomy and geodesy were:
use of the existing MKkIl technology had to be found
as a first step for learning to set up and carry oétstronomy (Astrometry):
dedicated astro-geodetic VLBI experiments in Euro- Determination of new/improved radio source posi-
pean and intercontinental networks. For global space- tions
geodetic measurements, around 1980, the technolog-!dentification of optical counterparts of compact ra-
ical situation was quite fluent with Doppler satellite dio sources
tracking in decline, the NAVSTAR-GPS coming OMstronomy and Geodesy:

stage and high accuracy mobile satellite laser ranging |, estigation of tidal effects in VLBI time series of
systems (SLR) being deployed in the Eastern Mediter- UT1 & Polar motion

ranean. These SLR campaigns actu_ally Pmd%’ced_ the Tests of effects of special and general relativity by

first evidence of ongoing crustal motion with site dis- VLBI

placements of up to 2.5 cm/yr (WEGENER-MEDLAS

Project, Wilson 1989). In this scenario, complemer{>eodesy:

tary techniques of similar or even higher accuracy Establishment of a fundamental network of precise

such as VLBI were welcomed in order to obtain in- geodetic station positions in Europe

dependent checks of the observed phenomena. It soonComparison of results with other space techniques,

became clear that VLBI had significant advantages such as Doppler satellite positioning, the upcoming

over the other competing techniques: i.e. weather in- GPS and Satellite Laser Ranging

dependence, stable terrestrial monumentation, ties-to Measurement of local ties at the telescope sites,

the extragalactical celestial reference frame, and self- vector baselines between different telescopes at the

calibrating primary observables (group delays). same site, connections to the terrestrial geodetic
The outcome of the second AGRAM meeting in Nnetwork and to points occupied by other space tech-

November 1978 was to start with regular European nigques.

[ll. Participation in cross-Atlantic experiments
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J OEN 18cm Mk II Astrogeodetic VLBI Ex

- Modeling tropospheric path delays and further d¢
velopment of water vapour radiometry (WVR)

With these subjects in mind a number of astrc
geodetic VLBI experiments were planned, partly en
bedded in global projects and partly as pure Europe
based activities (Table 1). The first VLBI experiment
conducted by the Bonn astro-geodetic VLBI group le
by J. Campbell, M. Bonatz and P. Brosche under tt \‘ e
support of the German Science Foundation had to ta
into account the then available VLBI equipment at EL

ropean radio observatories and institutions. SEEII 11 omo, oo sine ovns waliey, colttomts
. ) Ih West Virginia
Around 1980 the VLBI instrumentation at the Eu; 09 R0 Haxtaboasthoek, Jonannesburg, South
. . . 1 c"::f‘:;!l:f;:xazq, Bonn, West Germany
ropean radio observatories was still mostly based c.. fnives e el

the NRAO MKkl recording and processing system anglg. 1 The JOEN South Africa network in 1980
many observatories could not yet afford to equip their

stations with MKIIl backends. Moreover, the com

monly used frequencies for radio astronomy were co iij

centrated on the 18cm, 6cm and 2.8 cm bands, wh

the NASA-owned Deep Space Network had been ru Figure 2: ERIDOC network

ning on the S/X frequency pair (13 and 3.8 cm) 4 = 6em WEJO VLBI Station
Therefore, the Bonn geodetic VLBI group put a pro S >poieniStation

posal to the MPIfR program committee in 1979 for | et 7 METSAHOVI
48h astro-geodetic 18cm (1.67GHz) global MKII sin = i
gle 2MHz channel experiment 'JOEN’ with 4 stations P
Onsala, Effelsberg, Greenbank (NRAO) and Joha 5? @A

nesburg (HARTRAO, former NASA DSN station) in E;;’w"{:g;::"* i e

South Africa (Fig. 1). This pilot experiment (MPI pro- C:f:;::gﬁ @ SIDYINGELOD

gram number 25-79) became the first step towards ¢ b T

tive involvement in VLBI observing and was success .w;:;';’m

fully carried out on 19-21 Feb. 1980 (see original doc e
uments on the EVGA web site). In this context, th BOLOGN

South-African extension of the network was to be
come a special bonus of intercontinental VLBI activ
ities originating in Europe. It was due in a substanti 1
part to the transfer of A. Nothnagel to HartRAO, wher §
he worked as a geodetic assistant to the station’s dirt : D'ONY{i}
tor G.D. Nicolson. Thus, in 1984 South Africa rose tt
an important station in the IRIS Earth rotation networ.
(Carter et al. 1988; Nothnagel et al. 1992).

The largest purely European-based campaign ks 2 The ERIDOC network 1980/81 (combined VLBI and
fore the new MKkIII technology had fully taken holdDoppler campaign)
in Europe was the ERIDOC project, which included
a network of 6 European radio observatories and 18
Doppler stations (Fig. 2), requiring the cooperation dfinal reportin Brouwer et al. 1987). It was clear from
more than 30 individuals from 10 different Europeathe start that the accuracy of the geodetic coordinates
countries and the US (Beyer et al. 1982). F. Brouw#¥ould not exceed the decimeter-level, because at that
of the Delft Technical University brought up the idedime most of the instrumental requirements for high
and was the driving force all through the entire proje@roup delay precision could not be met, meaning e.g.

@®FLORENCE
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Table 1 Early VLBI experiments in Europe with astro-geodetic backod

Date Proposed and set up by Network Remarks
European baselings
24 - 26 Nov. 1979 [Haystack-MIT, Onsala, MPIfR |Effelsberg-Onsala-HaystackiFirst full Mklll S/X Continental

(+ Bonn geodetic VLBI group) [Greenbank-Owens Valley |Drift experiment

19 - 21 Feb. 1980 |Bonn astro-geodetic VLBI gro#EﬁeIsberg-OnsaIa-Green Bajrl\kkll 18 cm astro-geodetic pilot
-Johannesburg experiment 'JOEN’

26 - 27 July 1980 [Haystack-MIT, Onsala, MPIfR |Effelsberg-Onsala-Haystack |Second Mklll S/X Continental Drift
(+ Bonn geodetic VLBI group) [-Fort Davis-Owens Valley  |experiment

26 July 1980 Bonn geodetic VLBI group Effelsberg - Onsala - Madrid|MklI-X-band BWS

'MEO 1’ experiment

26 -29 Sept. 1980 [Haystack-MIT, Onsala, MPIfR |Effelsberg-Onsala-Haystack |First intercontinental Mklll S/X

(+ Bonn geodetic VLBI group) [-Fort Davis-Owens Valley  |'MERIT preliminary short campaign’
Earth Rotation experiment

26 -27 Sept. 1980 [Bonn geodetic VLBI group Effelsberg - Onsala - Madrid|Mkll-X-band BWS'MEO 2’experiment

4 Oct. 1980 Bonn geodetic VLBI group, [Werthhoven - Haystack MKIII- X-band fast slewing experiment
Haystack-MIT, NASA GSFC (test of Werthhoven facility (FGAN))
5-6 Oct. 1980 Bonn geodetic VLBI group Effelsberg-Westerbork MkII-6 cm BWS experiment'WEJO 1’

-Jodrell Bank-Metsahovi (Project ERIDOC)

12-13 Apr. 1981 |Bonn geodetic VLBI group Effelsberg-Onsala-Westerbofkkll-6 cm BWS experiment
+Geodetic Institute Delft) -Jodrell Bank-Chilbolton 'WEJO 2’ (Project ERIDOC)

20 July 1983 Bonn geodetic VLBI group, First baseline Wettzell-Onsal&/klll-X-band experiment
Haystack-MIT, NASA GSFC

Local baselines

15 Nov. 1979/81/8@NASA/JPL + INTA + IGM Madrid DSN Complex, MkKII S/X and S-only BWS experiments
DSS-61, DSS-62, DSS-63
13 Jan. 1981 Onsala VLBI team 600m baseline between Mk 11l X-band

0SO0 26.5m and OSO 20m

no dual frequency ionospheric calibration, no instruequirements were fulfilled. This impressive demon-
mental phase/delay calibration and rubidium clocks istration as well as the transatlantic Mklll experiments
stead of H-masers at three of the six stations. Nevafthe MERIT preliminary campaign of Sept/Oct. 1980
theless, a lot of experience could be gained from thisade it quite clear for the geodetic community which
effort, both in technical as well as in logistical respectvay to go in the future.

In this connection, it may be of interest to add that More local site activities include the analysis of
five years later the French VLBI group of the Institutarlier Mkll BWS data from the late seventies at the
Géographique National ran a Mkll BWS campaign tMadrid DSN complex of Robledo between three differ-
connect new stations (Nancay in France and Atibagnt antennas (Rius and Calero, 1983) and vector links
in Brazil) to the existing global VLBI network (Postbetween the Effelsberg antenna reference point, the ter-
VEGA Project, GRIG-2 of 29 June and 4 July 1985, Qestrial control network and Doppler satellite antenna
Petit 1987). marker for the ERIDOC campaign.

A first bid to reach mm-accuracy on European In the early European working group proceedings,
ground was performed by the Onsala VLBI group dea significant number of papers deal with the efforts to
termining the 601 m baseline between the 26.5m aimprove atmospheric path delay modelling, in partic-
tenna and the 20m antenna at the OSO site with formahr the wet component, where the Onsala team lead
errors of 1.5mm (Aug 25, 1980) and 0.3mm (Jan 1&e development of water vapour radiometry (Elgered
1981) for the group delay solutions (Lundqvist 198311993).

The data were taken with the MklIl system at X band In those days, the development of geodetic VLBI
only, but otherwise all instrumental high performancesoftware formed an important part of the activities of
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virtually all of the VLBI groups. Aside from the Bonn
geodetic VLBI software (BVSS, Schuh 1986), the sof
ware DEGRIAS (Brouwer 1985) was developed i
Delft, Holland, while most of the groups also use
software from the US, such as VLB3 (MIT, Robertsol
1975), Masterfit (Fanselow 1983 ) and CALC/SOLVE
(Ryan et al. 1985).

3 Further Development of the geodetic
European VLBI network

The introduction in 1979 of the two major geodyl
namical observation programs, i.e. the NASA Crust@
Dynamics Project (CDP, Coates et al. 1985) and t
NOAA/NGS Polaris Network for Earth rotation mon
itoring (later extended internationally to IRIS) as we
as the IAU/IAG Project of Earth rotation monitoring
and intercomparison of techniques (MERIT) proved {
be most important to speed up the advance of geode
VLBI in Europe. Thus, the decision in 1980, to build
dedicated geodetic VLBI telescope at the satellite o
serving station of Wettzell (Schneider et al. 1983) s
the stage for an upsurge of geodetic VLBI in Europ
and brought about a burst of geodetic VLBI activitie
in a number of European countries. In view of the higHg_ 3 June 1983: mounting of the S/X paramp receiver (on loan
investment costs, however, only a few countries maflom Haystack) at the Wettzell radio telescope with R. Kilge
aged to enter the era of Mklll technology and had diffimiddie) and R. Zeitihofler (right) (Wettzell), G. Reichémid-
culties to open up effective funding sources for longé¥e left) (Geod. Inst. Univ. Bonn), O. Lochner (left) (MPIfE-
term participation in geodetic observing programs. €SPerg)

At the heart of each radiointerferometric network

the correlator and postprocessing systems are ess%réhts). Thus, a fifth tape drive was procured in 1985

tial to produce the primary interferometric observable'[s) the SFB 78 'Satellite Geodesy’ (M. Schneider, H

phase, amplitude and, most importantly for geode eeger) This special research group formed by mem
the group delays. Near the end of 1977 the MPIfR i g hec . | group for y me
. ers of the Technical University of Munich, the Uni-
Bonn had installed a copy of the NRAO MKII corre- ~ . . .
. . . versity of Bonn and the Institute for Applied Geodesy
lator, which was helpful introducing the geodesy new- . .
) IfAG), Frankfurt, has been responsible for a major part
comers to the inner secrets of VLBI (D. Graham, R. .
of the development and support of the Wettzell station

Porcas and other MPIfR staff members). In Noverr?r-] the time frame 1979 to 1986.

ber 1982, thg first version of th_e MKIII correlator be- The opening of the Wettzell 20m telescope, which
came operational and cooperation between the Geoﬂe-

tic Institute of the University of Bonn (H. Seeger) an% :g |tgsflcr)sztobiarllszl|:§h0)t2?§;\;zernnJl;!);r]l;QeiBtr\:\g tgeo?r;_
MPIfR (P.G. Mezger, K.I. Kellerman) grew ever more ' g

. . - . . . . . ning, too, of the operations of the European geodetic
intensive and fruitful leading to increasing financi g P P g

support from the geodesy side (employment of er-km network. Figure 3 bears witness to the strong
bp 9 y ploy P stportprovided by NASA/GSFC (T.A. Clark, N. Van-

sonnel .at correlator group, procurement of addltlorlgenberg and others) as well as technical assistance by
tape drives and further upgrade of the MKIII correlat PIfR (W. Zinz, O. Lochner and others) to bring sys-

for extended use in the correlation of geodesy experi-
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Observatory Antenna Receiver | Terminal |Field system | Frequency
status standard

Onsala 20 m s-X Mk ITI HP 1000F H-maser
dual feed cooled
az-el

Wettzell 20 m S5-X MK ITI HP 1000F 2 H-masers
dual feed cooled MK IIIA
az-el

Medicina 2m s-X Mk II1 HP 1000F 2 H-masers
! 3 dual feed | uncooled
% az-el

=
b G FELSBERG

I | ‘., t(i;d:ig 5 34 m S-X Mk IIT IBM PC H-maser
"y 3 SS 65 dual feed cooled (1988)
<{ WETTZELL—=

az-el

Effelsberg 100 m X MK IIT IBM PC H-maser
az-el cooled

Westerbork 25 m e MK III HP 1000F H-maser
equat.

Jodrell 25 m -- MK IIT HP 1000F Rubidium
Bank az-el

Matera 20 m S-X MK III b H-maser
(under dual feed
constr.) az-el

Noto 32 m 8% Mk IIT ? H-maser
(under dual feed
constr.) az-el

Fig. 4 The European geodetic VLBI net around 1987

Tab. 1: Status of European VLBI observatories

Fig. 5 Equipment status of the European geodetic VLBI net

tems up and running. With the VLBI facility in place,1987
the satellite observing station of Wettzell became the

first Geodynamic Fundamental Station. The concept . . .
of fundamental stations co-locating different geodet%quped with a MkilI terminal by the end of that same

space techniques at one site originated in the introdgg. & nucleus of the European VLBI net was ready
P g 9 0 embark on regular observations (Fig. 4 and 5). In

tory phase of the Crustal Dynamics Program (Coat(]?gs the network reached its definitive size and shape

et al. 1985). It required considerable means for invest- . : L .
k ) with 10 stations operating together in five to six com-
ment and operations, which could not have been re-

. : . . on 24-h-sessions per year. First signs of crustal mo-
alized without the sustained commitment of the BK bery 9 .
lon were detected two years after regular observations
(former IfAG) Frankfurt (H. Seeger).

Only a short while after the start of Wettzell in sum-b(f:‘gan on the _basehne Wettzell-Noto (Sicily) in 1990
: . with a shortening of 5.9 2.4 mm/yr (Campbell et al.
mer 1983, the inauguration of the Bologna 32m telel— 93)

scope (located at Medicina) took place in September Operational funding for two consecutive 3-year pe-

that same year. ltaly, affected strongly by thg rned'terri_ods from 1993 to 2000 was obtained under the EU-
ranean tectonics, was able to set up a national g

Yamework Programmes "Science” and "Training and

dyn_amlcs program as a Compl_ement.to thg Ongo"ﬂ?obility”, allowing employment of 6 post-doc scien-
radio astronomy research at Istituto di Rad|oastron8-

mia (IRA) and realize a network of three VLB sta- sts in the participating EU countries, helping to pass

tions, two shared observatories (Medicina and Not(gg nﬂe]reaggﬁwﬁ:v(\;\llzr:;ce;z (\)/\];e\I/ILS; tg;hii}ézu?r?er;_
belonging to IRA/CNR (Setti 1980) and a dedicate i P

) . ort on the geodynamic results of this funding phase
geodetic telescope at the SLR station of Matera (Asﬁf the geodetic European VLBI network are presented

V.Vh'Ch then (1990) als_o became a full fundamental St?n_ Campbell and Nothnagel 2000 and Campbell, Haas,
tion, the second one in Europe next to Wettzell (Sylof\TothnageI 2002

Labini, Zerbini 1985). First regular observations on The further progress of the European geodetic

European baselines with the complete high aCCura\%BI network and its achievements have been and

MKl geodetic VLBI equipment began in November_ . : : .
. continue to be extensively documented in the series
1983, when both Onsala and Wettzell participated | . .
: . of proceedings of the European Working Group for

the first IRIS Earth rotation measurements. When the . ; . o
. . . geodetic and astrometric VLBI (Fig. 6). The lasting in-

Bologna 32m telescope obtained its own S/X receiver .

: . erest in the data from the European VLBI network,
in Feb. 1987 and the Madrid NASA DSN antenna was, . . o
which have contributed to the realization of the ITRF
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To conclude this review one of the earlier photos
of participants at a European VLBI meeting (Onsala
1985) is reproduced here (Fig. 7a), together with a slide

ACCOUNT OF THE WORKING MEETING

w | taken at that same occasion by J. Campbell (Fig 7b).

EUROPEAN VLBI FOR GEDDESY AND ASTROMETRY

N THE AL OF T
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Geodetic VLBI Intensive Scheduling based on Singular Value
Decomposition

J. Pietzner, A. Nothnagel

Abstract An automatic scheduling process for VLBI ~ As shown, e.g., in Vennebusch et al. (2009) the
Intensive sessions based on singular value decomi®#/D is suitable as part of regression diagnostics for
sition is developed. Beginning with a simple startany geodetic adjustment problem and, therefore, for
ing configuration, the observations are selected succgsodetic VLBI as well. The SVD can be used to derive
sively by analyzing the Jacobian matrix at each step wifdicators which contain information on the geometry
the scheduling process. Indicators on the geometry affthe design with respect to the influence of observa-
the measurement derived of the singular value decotienal errors. Therefore, it can be used for planning the
position are used for the selection of the sources to Hesign of the measuring process (Forstner, 1987). In
observed with the purpose of improving the dUT1 dehis paper a method for automatic scheduling of VLBI
termination. The formal errors of dUT1 deduced frombserving sessions is presented taking into account the
the normal equation, which can be created just from tigeometry of an experiment by investigating the design
geometry of a schedule, serves as an assessmentroairix of the associated adjustment problem at each
terion of the scheduling method. The new schedulirgiep of the scheduling process by using SVD. Further-
method shows promise for improvements of the dUTrhore, preliminary results of the scheduling method ac-
determination by IVS Intensive observing sessions. complished for VLBI Intensive sessions focusing on
dUT1 determinations are presented. The only geode-
tic target parameter of those sessions is dUT1. In addi-
Keywords Earth Rotation, Scheduling, Intensives  tion, three clock parameters for one station (clock off-
set Cly, clock rate Cly and frequency drift Cp w.r.t.
the other clock) and one atmospheric parameter per sta-
tion (atmospheric zenith wet delays ATat station A
and ATg at station B) complete the functional VLBI

) . model.
The scheduling of Very Long Baseline Interferome-

try (VLBI) observing sessions is a crucial step to ob-

tain reliable results with the best possible accuracy. At

present, there is no clear strategy for the scheduling@fSingular value decomposition

VLBI Intensive sessions for the purpose of dUT1 de-

termination except of trying to spread the observatiormhe SVD is a tool that enables a detailed analysis of
as evenly as possible over the sky at each telescopgm x n matrix X with rankr by the factorization into
Here, a new approach for scheduling one hour long Ithree matrices

tensive VLBI sessions is presented based on singular X=U.S.VvT 1)
value decomposition (SVD).

1 Introduction

(Lay, 2003). The first diagonal entries o (m x n)
Judith Pietzner and Axel Nothnagel are the singular valueg of X, which are (usually) ar-

Rheinische  Friedrich-Wilhelms ~ Universitadt Bonn, 1GGranged in descending ordet > 0> > ... > g; > 0,
NufRallee 17, D-53115 Bonn, Germany
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S=diag(o1 0>...0; 0...0). (2)

The columns of then x m orthogonal matrixU are
called left singular vectors; corresponding to the or- 270§
der of the singular values;

180 180

Up Up ... Ur Upsq ... Um Fig. 1 Lo<_:at|1ons pf thg initial spurces depicted a.t t_h_e sky plot of
u=1| . o 1, (3) the baseline’s mid point (left); example of four initial erga-
T oo : tions (right).

Ur Ug

where the first columnsU; = {uy,...,u;} span a ba- 9r0SS errors at observations with small redundancy
sis for the column spacB(X) of the matrixX. The numbers. On the other hand, high leverage points be-

columns of then x n orthogonal matrixV are called ing no gross errors significantly affect the accuracy of
right singular vectors; the estimated parameters and are necessary to avoid a

defect of the configuration (Niemeier, 2002).

. V1V2...VrVr+1...Vn 4

I Do - | @ 3 Scheduling Concept
Ve Vo The scheduling process occurs in two general steps.

where the first columnsV, = {vi,...,v;} span a ba- First, the initial four sources to be observed are cho-

sis for the row spac&XT) of the matrixX. In sense sen subject to special spatial consideration. The sec-

of a least-squares adjustment, interpreting the Jacobff! Step is the main scheduling process, where the sub-

matrix X as a mapping from the space of the model pg_equent observations are selected by criteria following
rameters into the data space, the subspde related rom the SVD.

to the data space and the subspégés related to the
model space oK (Scales et al., 2001). For further de- . .
tail of the SVD see e.g. Golub et al. (1965), Lay (zooé?'“a' observations

or Strang (2003). . o .

A data resolution matriid (also known as 'Hat Ma- F_'g' 1 (left) shows a. sky plotof the pasellne s mid pqnt
trix’) being anm x m projection operator onto the data”'*W: wher_e _th.e. white area apd the inner gray area is the
space o can be computed by (?omm_on_V|S|b|I|t3_/ of poth radio telescgpes. The dashed

lines lie in the direction of the baseline and orthogo-
H=UU,. (5) Mhaltoit. In order to start the schedule with a relative
stable geometry, four initial observations are selected
Since the elements of the data resolution matrix imvith minimal distances to the dashed lines. Addition-
dicate how much weight each observation has on th#y, the elevations of these observations are constricted
adjusted observations (Scales et al. (2001) or Ment@the lower half of the common visibility of the tele-
(1984)), the main-diagonal elements ldfare called scopes, which is indicated by the white area in fig. 1
impact factorsh = diag(H). The impact factors are (left). Fig. 1 (right) shows an example of four sources
closely related to partial redundancies (Forstner, 198Which are selected with this concept.
The redundancy numbers=1—h; = (I — H); (for
P =1) indicate how far errors in an observation show
up in the corresponding residuals of the least-squandsin schedule
fit. Observations with large impact factors and thus
weakly controlled observations are called high levefthe main scheduling process starts at a tirdefined
age points. On the one hand, it is difficult to locat®y the last initial observation. If the time since the start
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Fig. 3 Formal errors of dUT1 (top), the atmospheric zenith wet
no delay AT of the station Wettzell (middle) and the clock offse

CLy of the station Wettzell (bottom) for Ts-Wz Intensive sched-
ules in 2009. IVS: standard schedules of the IVQelai SVD
schedules with general impact factorsgdiri: SVD schedules
Jacobian Matrix with dUT1 impact factors.

yes

SVD
Impact Factors (IF

the largest impact factor for all parameters, the general
no impact factor, is selected. The second criterion is the
largest impact factor for the parameter dUT1 only.

yes

IFmax = IF;

4 Simulation Results

Fig. 2 Procedure of the automatic scheduling method based on
the SVD for one hour long VLBI Intensive sessions.

The described procedure was applied for the Intensive
baseline Tsukuba—Wettzell (INT2) with both selection
of the scheduling process is less than one hour - f@Qriteria. For comparison, standard schedules of the In-

lowing the VLBI Intensive concept - all sources aréernationalﬂVLBI Service for Geodesy and Astrometry
checked for their suitability at this time. If a sourcd!VS, Schliter and Behrend, 2007) were analyzed in

is useful, the Jacobian Matrix is built and the impadf'® Same manner as the SVD schedules. For the pur-
factors are computed. If the impact factor of the neRPS€ ©of & direct comparison, the SVD schedules are
source is larger than that of all previous sources of tgnerated for the same time windows as the IVS sched-

loop, the source will be earmarked as the new obsen}4€s for the year 2009.
tion. When all sources are checked the new observation

with the largest impact factor is found. With the slew
time of the radio telescopes and the scan length of th
observation, a new time is computed. While this new

time is less than one hour, the process of finding tr'll'gle resulting formal errors of dUT1 received from the

next observation with the largest impact factor is rélormal e_quatlonfs oftthe_tmrteef (i|fferenthcase_s a]:fssu:? i
peated. The algorithm is depicted in Fig. 2. INg & variance ot Unit Weight of £, are Shown In 1ig.

In this work two different criteria are used. T e(top). It should be noted that the resulting formal er-
first criterion is, that in each case the observation wit's purely represent the geometry produced by the ob-

8rma| errors
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of the SVD schedules are arranged in clusters instead.
Particularly, sources with low elevations are observed
more often and in more rapid succession for both SVD
schedules. The sources in the cusps of the sky plot are
those with the lowest common elevations for both ra-
dio telescopes. Those observations seem to be impor-
180° tant for the determination of dUT1 as they represent the
major difference between the two scheduling methods.
Furthermore, the number of different sources is lower
for both SVD schedules as for the IVS schedule (see

Tab. 1).
IVS |Fgenera| IFaut
# observations 34 33 33
18C¢° # sources 18 14 16

Table 1 Number of observations and number of sources of the
three different Intensive schedules in Fig. 4.

Example of correlations

180

Fig. 4 Mid point sky plots for a Ts-Wz schedule (k09150) for thel h€ correlation matrices of the same session for the
three different cases. Top: standard schedule of the IV€mo three cases described above are shown in Fig. 5. In
left: SVD schedule with general impact factors, bottom tighcomparison to the IVS schedule, the SVD schedule
SVD schedule with dUT1 impact factors. with the general impact factor exhibits lower correla-
tions of dUT1 with all other parameters, while the cor-
. . . . relations of the other parameters almost remain con-
serving schedules still neglecting the post fit scatter o? P

the observations. Obviously, the formal errors of thseant' Within the SVD schedule with the impact fac-

SVD schedules are clearly lower than those of the lvtgr for dUT1, the clustered observations with low el-

. vations cause a significant decorrelation of dUT1
schedules. Furthermore, the SVD schedules with tﬁ 9 . ’
whereas the other parameters are higher correlated.

impact factors computed for dUT1 alone show the bes . . .
The correlation matrices of the other sessions of the
results. For the other parameters, the SVD schedules

with the general impact factors exhibit the lowest for o 2009 .shov.v avery similar reIat|on..So, the corre-
tion matrices in Fig. 5 are representative for the year

mal errors, whereas the SVD schedules with the dU
. - : 09.
impact factors have a similar magnitude as the |

schedules as shown by the example of the atmospheric

parameters and the clock offsets in Fig. 3 (middle and

bottom). 5 Conclusions

In this work preliminary results of an automatic
scheduling method for the optimization of the geom-
etry of VLBI Intensive sessions are presented. The

F_|gure 4 shows the mid point sky plqts of a sm_g!e Se%*:heduling method based on the singular value decom-
sion (k09150) for the three cases with the positions of_ ... . .
osition shows promise for VLBI Intensive dUT1 ses-

the observed sources. It is obvious that the dismbgions

tion of the sources for both SVD schedules is less ho-
mogeneous as for the IVS schedule. The observations

Example of sky plots
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co-factor matrix still neglecting the variance of unit
weight. It remains to be seen how these numbers com-
pare to a more sophisticated simulation with synthe-
sized o-c, vectors. This is the next step on the way of
applying this scheduling method to real observations.
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IVS Live: All IVS on your desktop

A. Collioud

Abstract VS Live is a new tool that can be used IVS Live is a generalized version of the IYA2009
to follow the observing sessions organized by the Imlynamic Web site, developed to provide an easy ac-
ternational VLBI Service for Geodesy and Astromeeess to the entire IVS observing plan. IVS Live is
try (IVS), navigate through past or coming sessionagccessible by pointing your favorite Web browser to
or search and display specific information related tattp://ivslive.obs.u-bordeauxl.fr/. The major capabili
sessions, sources (especially the most recent VLBI itties of the IVS Live Web site, along with screenshots,
ages) and stations. The IVS Live user interface and alte presented in the next section.

its functionalities are accessible at this Web address:

http://ivslive.obs.u-bordeaux1.fr/.

2 IVS Live capabilities

Keywords IVS activities, dynamic Web site

The IVS Live Web site was designed to achieve three
main goals: follow all IVS sessions in real time, navi-
gate through past or coming sessions, and search spe-
cific information related to sessions, sources or sta-
tions. To make it fully dynamic, IVS Live was devel-

In the framework of the International Year of Astronoped in javascript (using the desktop Web application
omy 2009 (IYA), the International VLBI Service for framework “ExtJS”) and PHP, with a MySQL database
Geodesy and Astrometry (IVS) organized the largeat back-end. The Web site and the associated database
24-hour astrometric session ever conducted. 35 e hosted on a dedicated server at the Laboratoire
diotelescopes located all around the world observetAstrophysique de Bordeaux.

243 out of the 295 ICRF2 defining sources. The Labo-

ratoire d’Astrophysique de Bordeaux built for the occa-

sion a dynamic Web site allowing one to follow in real . . .

time the progress of the session. This page also p%—l Follow sesgons in real-time and look

vided the most recent VLBI images for each source, at source images

as well as ancillary information about sources and sta-

tions. This Web page was a nice success with almosthe main reason for the existence of the IVS Live Web
thousand connections throughout the session. site is the monitoring of IVS sessions. Session sched-
ules are routinely and automatically added to the IVS
Live database as soon as they are available on one of
Arnaud Collioud the IVS data center servers. The database at present
CNRS, UMR 5804, Laboratoire d’AStrophySique de Bordeau)eontains 750 sessions (Starting from 1 January 2010),
Université de Bordeaux, Observatoire Aquitain des Sasrie 723 sources and 47 stations, and the amount of data is

I'Univers, 2 rue de I'Observatoire, BP 89, 33271 Floirac &ed . .
France constantly growing. Once into the database, these ses-

1 Introduction
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sions become accessible in IVS Live. The homepage3 Search for specific sessions, sources,
automatically loads the ongoing IVS session (if there  or stations
is any) or counts down to the session to come. All IVS

Live functionalities are accessible through a single USEI . ddition to be a monitoring tool for IVS activities

interface, which is divided into several subpanels (Fiqu Live may also help you to retrieve specific infor-

ure 1). One contains the schedule of the session, whigly, apoyt a given session, source, or station. By us-

_T:g E]Z.Sn ortzgetl)y tr'??é:s:rnci n;m(;’ ngfr?g g:srz.t(')?nﬁg search forms, you may query the IVS Live database
n p provi verview ! using several search criteria. For example, a session

dates and session type (intensive or non—intensiv%)ay be queried by its code (e.g., rdv86, i10023), time
source list, and an interactive network map. While the AN ' '

06 th h 25 May 2011), and/or t Inten-
session is running, IVS Live is automatically updateSpan ( roug ay ) andfor type (Inten

. . _give, non-Intensive). Each such query leads to a win-
thanks to a synchronization prqcedure W'.th the OII%fow with the result list. In the case of a session search,
played master clock. A new tab is created n the Mahu will see the list of matching sessions along with
panel for each Source once a new observapon beg_ﬁ]se. links for directly loading a session into IVS Live
This tab regroups qurmatlon relgted to this Specmﬁzigure 4). Source and station queries (Figure 5 and
scan: the latest VLBI images a\{a|lable for the Sour?—%gure 6) result in a list of matching sources or stations
extracted from one of the VLBI |mage_databases (t%th links to additional details (e.g., position, images,
Bordeaux VLB '”.‘age Database, Collioud and ChaFnap location, webcam link, and list of sessions with
lot, 2009, the Radio Reference Frame Image Databa%ﬁg selected source or station).

or the VLBA Calibrator Survey data), the observing

network (along with static station details, pictures and

webcam links, if available), and some scheduling infor-

mation about this observation and source (Figure 2. Conclusions

The source names within tab titles and schedule are

color-coded according to the source observation statgge |vs Live dynamic Web site allows the user to fol-
(completed, ongoing, or to come). low IVS sessions in real-time, navigate through IVS
sessions and master schedules, and search specific in-
formation about sessions, sources (especially the most
2.2 Navigate through IVS sessions and recent VLBI images) and statlons._ Thanksto IVS _L|ve,
you should now be able to easily and conveniently
answer simple questions such as which IVS session

is currently running, which stations are observing, or

If you are looking for another session than the one ajmich source is being observed? IVS Live will be reg-
tomatically loaded, you can easily change the actiyg,y|y ypdated and extended in order to maintain and

session in the IVS Live interface. The links to the prepcrease its value for the entire IVS community.
vious and next sessions are directly selectable from

the main page. If you need a more elaborate tool to

look for specific IVS sessions, you may use the IVS

Live “Calendar”. This tool provides a quick and conReferences

venient graphical visualization of all IVS master sched-

ules (from 1979 to 2011 thus far). It provides daily t@\. Collioud and P. Charlot. The Bordeaux VLBI Image

monthly to yearly views, as well as basic information Database. In G. Bourda, P. Charlot and A. Collioud, edi-

about each session such as duration or observational®©'s: Proceedings of the 19th European VLBI for Geodesy
. . . . and Astrometry Working Meetingordeaux, 2009.

network (Figure 3) and a direct link to load the session

in the main interface (if the schedule is available in IVS

Live database).

master schedules
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Fig. 1 The IVS Live main interface during the session R1476 (29 M&@11). The interface is organized in several subpaneds: th
clock and navigation panel (top), the schedule panel (leftd side) and the main panel which contains a short inttaxuof the
active session (right-hand side).
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Fig. 2 One observation tab for the source 1149-084. It displaysipénformation about this scan and source, an interactie@®
of the observing network and the most recent X- and S-bandIVhBges of this source, extracted from the Bordeaux VLBIdma
Database (BVID; http://www.obs.u-bordeauxl.fr/BVID/).
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Fig. 3 The IVS Live Calendar tool provides several views of the IV&ster schedules (e.g., the monthly view here), useful atioig
tools and basic information about each session by clickingranousing over the session name (R1476 in this case).
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Fig. 4 Example of a session search: we looked for all March 201lisessvith a code that begins with a “k” (query forms are
located in the left-hand side window). As displayed in theutewindow (right-hand side), four sessions matched tluegeria
(k11064, k11065, k11066 and k11087). By clicking on the egponding url icon, you will load the session into the IVSe.iv
interface .
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Fig. 5 Example of a source search: we looked for all ICRF2 definingeas with a name that begins with “01”. Among the list of
the 12 matching sources, we selected the source 0119+1&SsBbciated tab comprises specific information about thiss, the
list of the sessions which contain the source, and the moshte/LBI images extracted from the Bordeaux VLBI Image batse.
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Fig. 6 Example of station search: we are interested in the clotsis from the Max Planck Institute for Radio Astronomy atri,
Germany (MPIfR coordinates are approximatively £848’N, 7°4'12'E). As the resulting list is ordered by distance, we found tha
the closest station is Effelsberg (26 kilometers away). daformation may be displayed by clicking on the station eadetails
about the station (coordinates, webcam link, if availahite list of the sessions in which the station participatetialocation map.



DBBC3

G. Tuccari

Abstract The DBBC backend is crossing a new phase DBBC2 2007 - now
because an important bandwidth and data rate growth in: 4 x IF-1024MHz
is required for both geodetic and astronomical obser- out: DDC 16xbbc(1-2-4-8-16MHz)@32MHz
vations. Current state of the art technologies offer the PFB 4 x 16 x 32MHz@64MHz
opportunity for a significant improvement in the over- 8.192Gbps = 4 x 2048Mbps
all sensitivity and in the delay determination. This sug-
gested a new project named DBBC3 that represents #he DBBC2010 2009 - now
third generation of the DBBC backends. in: 8x IF 512/1024MHz
out: PFB 8 x 16 x 32MHz@64MHz
16.384Gbps = 8 x 2048Mbps
Keywords DBBC, Digital Backend, Digital Receiver

The first version was a replacement one to one of

the existing VLBI terminal at its most evolved perfor-
1 Background mance, while starting with the DBBC2 together with

such possibility there were also included observing
The DBBC development as an entire system startgtbdes not existing in the analogue backend. This has
in 2004. Preliminary experiments with the first protobeen still enhanced with the VLBI2010 that is a back-
types indeed had demonstrated as it could have beg#idl able to accomplish the VLBI2010 observing mode,
achieved the possibility to condensate the functiondhe coming next generation of geodetic VLBI backend
ity included in the entire MK4 VLBI analogue termi-system.
nal in the numerical domain, converting immediately VLBI2010 operates in a single wide band ranging
the signal available as IF from the receiver. The entigpproximately between 2 and 14 GHz. Inside this range
process in the time was proved to be a challenge famumber of 512 or 1024 MHz wide pieces of band are
the wide band and the high frequencies involved. Tisglected in order to optimise a band synthesis translated
DBBC project so has had an evolution that can be suiii-a much wider portion of spectrum with the respect

marised like: to the present one. A so wide portion of band is also of
great interest for astronomy because of the significant
» DBBC1 2004 - 2008 increase of sensitivity. Having the chance to process an
in: 4 x IF-512MHz entire piece of band wide 14 GHz could then represent
out: DDC 16xbbc(1-2-4-8-16MHz) @32MHz an actual quantum leap in the digital radioastronomy
1.024Gbps data acquisition. This is the goal for the DBBC3.
Gino Tuccari

INAF, Istituto di Radioastronomia, via Gobetti 101, |-5@10
Bologna, Italy
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DBBC3 Architecture ADB3
10 MHz Decil jon and d
Samplmg Clock On board calibration

1PPS

Gene ation

14 GHz

14 GHz
24 x 11.2Gbps
FILA40/100G 14 GHz 24%11.2Gbps
14 GHz Sampler4 24 x 11.2Gbps

— 4x 64 8bit @ 218,75MHz DDR

Fig. 2 The Sampler Board ADB3

CORE3

Fig. 1 DBBCS3 Architecture

2 DBBC3 Performance and Structure
2x24

The DBBC3 has to accomplish some mandatory r et 48“03Gb"5
guirements, some of them looking at the past and
at the existing system, some in the direction of a ne
future. e - HsO

In order to be compatible with the existing struc
tures, the new hardware needs to be 'socket compe__
ble’. This aspect is useful because existing DBBC tefy 3 The Processing Board CORE3
minals on the field can just be upgraded to meet the
new performance. Moreover elements proper of tt
DBBC3 can be adopted in the existing DBBC2 an F"'A40/100G
DBBC2010 to improve the capability with additional
functionalities.

The much higher performance on the other hand r 410 Gbps 20G 140 Gbes 208
quires new elements in the hardware parts that will Packet ‘ 4 lambda
then specific to support the advanced functionalitie e transceiver
The main features of the new system are:

Number of Wide Input IF: 4

Instantaneous bandwidth in each IF : more than 10x 10 Gbps 4x25 GbPS

GHz
e Sampling representation: 8 bit
Processing capabilty 2 x 5 TMACS
(multiplication-accumulation per second)
e Output data rate: max 896 Gbps Fig. 4 The Network Board FILA40G
Compatibility with existing DBBC environment.

In the figures are represented the main schematitthe art device at present available in some prototype
components of the DBBC3: overall architecture, thenits. Data coming from the samplers board ADB3 are
ADB3 structure, the Core3 structure, FILA40G conrouted using the high speed input lanes (HSIL) bus
cept. to the processing board CORE3. Such last board pro-

The structure of the system is straightforward. Fowess data in polyphase filter bank fashion to produce
IFs 14 GHz wide are sampled with 8-bit representatioa. large number of down-converted portions of band.
Such impressive functionality is performed by a staterom such pool of potential channels a selection is per-
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formed in order to accomplish the actual output da|—
rate through the high speed output lanes (HSOL) b
Band synthesis can then realized, with an appropri
choice of such channels dividing the band, as desir
by the VLBI2010 requirements and limited by the RHj
constraints.
Data from the converted bands are then transferr|
to the network board FILA40G that is then routing witi
the required data rate at the final destination using staiy. 5 ADB3 Preliminary correlation results in zero baseline
dard transmission in packets. Such final point could I§&ss-correlation
a VLBI correlator so as a buffer cloud if required.

A direct data conversion is possible in the digital

domain for the full 14 GHz band, without a need for gscnlators, of course.locked. with a common low fre-
ency reference. This test is planned for June 2011.

preliminary analogue conversion. This can represengg
very important step ahead in the simplification and in
the performance improvement of the VLBI2010 elec-
tronics so as a reduction of the system cost. The sadheDevelopment Plan and Team
term backend could be not anymore adequate due to the

typical functionality of a front-end this system WOUldThe project has been financed by Radionet and in 2012

represeqt. i _ i the first formal activities will start. In this previous year

~ The first evaluation and simulation suggest to coqe gy cture in detail will be defined, including those
sider a full input band 14.336 GHz wide that after progy, |ations critical for the architecture definition. The
cessing generates a block of 256 channels spanneqdgy, cojlaporating to the project is composed by INAF
the entire 14 GHz range, each of them wide 56 MHZtituto di Radioastronomia and Osservatorio di Arcetri

Other options suggest 128 channels each 112 Iv”i"'lzltaly, Max-Planck-Institut fur Radioastronomie in

yvide. The ,OUtDUt band sglggtion is then the laSt_IOQEermany and Chalmers Onsala Space Observatory in
ical stage in the data definition for band synthesis Aveden.

to fit the maximum actual data transfer or correlation
capabilities.

3 First Measurements

Some preliminary evaluations are underway and a first
prototype of ADB3-like has been considered. Such
prototype is including two samplers in one board and
the support for determining the basic performance.

It was then possible to perform the first measure-
ments in April 2011 adopting in particular the direct
acquisitions with a full input bandwidth of 14 GHz.

A zero baseline cross-correlation was realized with the
samples at the entire 8-bit data representation coming
from the two samplers both fed with the same signal.
Results are shown in the figure, and it can be seen as
the amplitude and phase behave pretty well. This even
if preliminary test is a very encouraging result.

Additional tests will be performed with a second
prototype with completely independent internal local



Concepts for continuous quality monitoring and station rem ote
control

M. Ettl, A. Neidhardt, H. Rottmann, M. Mihlbauer, C. Plétz, E. Himwich, C. Beaudoin, A. Szomoru

Abstract In the newly funded Novel EXploration developments of an operational e-control system with
Pushing Robust e-VLBI Servicesproject (NEXPReSjuthentication and authorization. It includes an appro-
the Technische Universitat Miinchen realize conceptsiate role management with different remote access
for continuous quality monitoring and station remotsetates for future observation strategies. To allow a flexi-
control in cooperation with the Max-Planck-Institutéble control of different systems in parallel sophisticated
for Radioastronomy, Bonn. NEXPReS is a three-yegraphical user interfaces are designed and realized. It
project aimed at further developing e-VLBI services afequires also a session oriented data management. Be-
the European VLBI Network (EVN), with the goal ofcause of the higher degree of automation additional
incorporating e-VLBI into every astronomical obsersystem parameters and information is collected with a
vation conducted by the EVN. This project focus onew system monitoring. The whole system for mon-
itoring and control is fully compatible to the NASA

M. Ettl and A. Neidhardt field system as extension. The concept will be proofed

Geodetic Observatory Wettzell (FESG) with regular tests between Wettzell and Effelsberg.
Sackenrieder Strasse 25

D-93444 Bad Kbtzting, Germany

M. Mihlbauer, C. Plotz and R. Dassing Keywords NEXPReS, VLBI, e-VLBI, remote con-

Geodetic Observatory Wettzell (BKG) trol, e-RemoteCtrl, e-SysMon, rpc, idl2rpc, middle-

Sackenrieder Strasse 25 ware, GGOS, NASA field system, Wettzell, Tigo,

D-93444 Bad Kotzting, Germany ssh, authentication, authorization, Geodetic Observa-

H.Rottmann tory .We.ttzell, Geodesy, fundamental station, system

Max-Planck-Institut fiir Radioastronomie monitoring, EVN

Auf dem Higel 69

53121 Bonn

E.Himwich 1 Station remote control strategies

National Aeronautics and Space Administration/Goddarac8p

Flight Center, . .

Mail Code 698.2 At the Geodetic Observatory Wettzell several possible

Greenbelt, MD 20771 observations strategies were detected (fig. 1). The stan-
dard case is, that an observer controls a VLBI obser-

C. Beaudoin vation locally on site at the telescope (local observa-

MIT Haystack Observatory . h S

Off Route 40 tion). But with new remote control technologies it is

Westford, MA 01886-1299 not necessary anymore that the operator is on location.
He can control the system from remote (remote obser-

A. Szomoru vation). This technology can also be used to run more

;‘z}igttb'{j‘:“;me for VLBI in Europe than one telescope by a single operator. This kind of

7990 AA Dwingeloo control-sharing between operators is called shared ob-

22
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servation. At Wettzell also completely unattended olibe directly assignable with operating system users to
servations have been done especially for the weekemgk standard system features. During the first phase
sessions for over 2 years now. For these the anterofahis milestone it is necessary to compare possible
runs completely autonomous and automatic without amethods, as given by the operating system or by data
operator (unattended observation). Especially remaacryption standards from remote procedure call gen-
and shared observations offers a lot of new possibitrators. A suitable solution must be integrated into the
ties: A passive data access can be granted for live monél 2r pc. pl generator. The general encryption is al-
toring. There are possibilities for tele-working with fullready given by Secure Shell (SSH) usage.

control access where specialists can assist the local op-

erators by remote. Very remote telescopes as at Antarc-

tica can be controlled from remote over large distanc
And shared observations can reduce the manpower
shifts or help to react on current research needs.

O'rRoIe management

The live monitoring strategy is especially helpful
for coordinating a session. For instance, if there are
changes in the schedule, the scheduler has the possi-
bility to check all telescopes pointing to the correct
P source. This requires a sophisticated role management
Observation where each client that is allowed to access the telescope
is associated with a dedicated role. A possible set of
roles are depicted in fig.2. The following fine grained
access levels (roles) are possible candidates:

3 e Observer

The observeris passively monitoring the system

state without having any control or influence to the

running system. This is the default associated role.
e Notifier

Having this role, signals can be sent, e.qg. if a ses-

sion scheduler or a correlator detects problems dur-

ing observations, but has no rights to control the

telescope, it can push a notification to the local staff

in real-time.
e Scheduler

A scheduleis capable of manipulating observation
The current software generatard] 2r pc. pl ) ver- schedules and whole events. Therefore a responsi-
sion used for creating the communication layer au- ple person for a dedicated session can change the
tomatically, does not support authentication and au- schedule relevant parts and inject it into the field
thorization techniques as well as role management. system. During the run he can change complete se-
This means that in the current development state, a re- guences to replace sources or change frequencies.
motely connected user has complete access and con-An extension to the NASA field system is needed

trol rights on the radio telescope system. For a fu- to realize these dynamic scheduling possibilities
ture usage within an international collaboration of dif-  (dr udg adaption).

ferent, proprietary telescopes of different institutions Agent

the access rights must be definable and dedicated toAn agentcan change dedicated procedures dur-
the individual institution permits. This requires differ- ing observations, where specific observer tasks are
ent access rights to the telescope, definable on a fineysed. This role has a reduced access to system spe-

grained level by the site administration. Therefore aba- cific procedures, directly involved to the current
sic user authentication with user name and password session.
is needed as a low-level individualization. This must

Fig. 1 VLBI Observation strategies

2 Authentication and authorization
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e Operator e Mark 5 capacity (see fig. 4)

An Operator has all rights for NASA Field System  This window has been extended to a more graphical

on location of the telescope which is similar to a layout, compared with to the classic version. Now,

remote version of a current operator on site. the current available Mark 5 disc space is visualized
e Superuser using pie charts. An additional feature for printing

Thesuperusehas complete access to the computer the labels, needed for shipping discs has also been

system. Normally only the telescope staff should implemented.

have these exclusive permissions. e System Temperature (see fig. 5)
In the classic window the current system tempera-
ture values according the associated frequency was
shown. In the new design a graphical window has
been created, capable of plotting changes of the
system temperatures over time. Here, the user can
select the frequency which should be displayed
over observation time. Furthermore the observation
time interval can be set manually or scaled by sim-
ply using a slider.

Setup for the first

. regular shared In the new version of the GUI, the classic and the new

observation test

week view can be selected by the user.

Fig. 2 Associated roles

4 e-RemoteCtrl features

The graphical user interface (GUI) has been develop
using wxWidgets. It is a well tested and popular plat-

form independent development kit for the C++ pra ™

gramming. The current version of this GUI was mainl, """

developed for Linux systems. Following an overviewq 3 The logging window
about a few new features is given:

e Logging window and user input (see fig. 3)
Compared to the classic version of the NASA field
system user interface, the new design has a built-= =550
filter mechanism where the user can search for p: D 49% free @ 0% free
terns. This is very helpful, because during a sessi O 51% used i T
the logfile can become very big and searching tt
logfile for a specific keyword was time consuming \ j
in the past. Furthermore the logfile can be records
to a file at the remote computer, an alarm beep
implemented to warn the user when an error is rc | Check: 08h13m Check :

i ) Next : 17:13:04 = Mext : 17:13:04 =
ported from the field system. The user interface h:
a command line history, similar to the well knowr r— .
i i History Print
Linux command line. Days:|5 |= v | Print

L available at http:://www.wxwidgets.org Fig. 4 The Marks capacity window
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- SystemTemperature
System Temperature

== [ YMax 120,000000 | *

YMin -10,000000 | *

Fig. 5 The system temperature window

5 Conclusion

During the next three years the e-RemoteCtrl software
will be extended about authentication and authoriza-
tion features. Furthermore, this software will be part
of the upcoming NASA field system release which is
planned for summer 2010. This especially is a great ad-
vantage, having so many stations available for testing
and verification of the software and its features. In ad-
dition, the system monitoring concept will be further
refined within the VLBI MCI collaboration group
Having a standardized monitoring concept is vital for
station wide system monitoring and remote control.
This is the first step towards the realization of a global
geodetic observation system (GGY)$ case of sys-
tem monitoring and remote control.
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New technical observation strategies with e-control
(new name: e-RemoteCtrl)

A. Neidhardt, M. Ettl, H. Rottmann, C. Plotz, M. Muhlbauer, H. Hase, W. Alef, S. Sobarzo, C. Herrera, C.
Beaudoin, E. Himwich

Abstract New remote control technologies for VLBItonomous observations will become more and more
observations offer the possibilities of remote and undtmportant in the future. State-of-the-art software for
tended observations. This means that an operator lcastrol and monitoring, developed by a team at the
not to be on location of the telescope all the time b@eodetic Observatory Wettzell, is publicly available
has full access from remote (remote observation). THisr testing and further developments. The most recent
also allows to control more than one telescope by oseftware release integrates several new and comfort-
operator (shared observation). At Wettzell also conable features to support the daily work of an operator.
pletely unattended observations have been done espeoperations as the Monitoring And Control Interface
cially for the weekend sessions for over three yea@ollaboration Group as part of the VLBI2010 Working
now. The development goal is to simplify operationabroup of the International VLBI Service for Geodesy
workflows in combination with general control strucand Astrometry work on standardizations in these de-
tures. These new observation control strategies are metopments.

limited to VLBI. They can also be applied to other

geodetic space techniques such as SLR which are nec-

essary to realize the Global Geodetic Observing Sy€eywords e-RemoteCtrl, remote control, technical
tem (GGOS). The demand for continuous and relpbservation strategies, GGOS

able observations requires to disburden inconvenient

night and weekend shifts. Remote controlled and au-

1 Introduction

A. Neidhardt, M. Ettl

Forschungseinrichtung Satellitengeodasie, Technid¢hiser- .
sitat Miinchen, Geodatisches Observatorium Wettzaieken- P €rsonnel from the Geodetic Observatory Wettzell op-

rieder Str. 25, D-93444 Bad Kotzting, Germany erate not only the 20 meter radio telescope at Wettzell.
C. Pldtz, M. Mihlbauer, H. Hase _ _ In cooperation with other institutes they also run the 9
Bundesamt fir Kartographie und Geodasie, Geodatisobesr-  meter radio telescope at the German Antarctic Receiv-

\C/;a:r:]:rrr]]yWettzell, Sackenrieder Str. 25, D-93444 Bad Koty ing Station (GARS) O’Higgins, Antarctica and the 6

H. Rottmann, W. Alef meter radio telescope of the Transportable Integrated
Max-Planck-Institut fur Radioastromonie, Auf dem Hugd, Geodetic Observatory (TIGO) Concepcion, Chile for
53121 Bonn, Germany geodetic VLBI experiments. In near future also the cur-
S. Sobarzo, C. Herrera rently build TWIN radio telescopes at Wettzell must be

Universidad de Concepcion, Camino Einstein Km 2,5., Gasil

4036, Correo 3, Concepcion, Chile operated in parallel with the same staff.

C. Beaudoin In the future similar situations will appear also
MIT Haystack Observatory, Off Route 40, Westford, MA 01886in other observatories as the scientific visions for fu-
1299, USA ture sites propose an increased number of worldwide
E. Himwich sites and telescopes. For example the designers of

National Aeronautics and Space Administration/Goddarac8p

Flight Center, Greenbelt, MD 20771, USA the Global Geodetic Observing System (GGOS) sug-
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gest several globally distributed observatories with cene, because for future visions three shifts in 24 hours
located, different space techniques (Plag and Pearlmaeyen days a week must be planned.

2009). What GGOS for the geodetic science is the With new remote control technologies it is no
Square Kilometer Array (SKA) for the VLBI astron-longer necessary for the operator to be on location (see
omy. The planners propose hundreds of telescopes 19r The operator can control the system from remote
different frequency bands distributed over one contfremote observation). On stable internet connections
nent (Australia or Africa) with a timeline of differentand with intelligent and self-controlling mechanisms
phases until the year 2024 (Adams et. al., 2010).  on location of the radio telescopes critical situations

All these developments have to deal with the santan automatically be detected. Autonomous, redundant
technical challenges. They touch not only the mechasystems can check system states and stop the operation
ical constructions. Also new technical control stratén case of an error. The important system information
gies, optimized workflows and additional system morcan be transfered to responsible operators over the in-
itoring parameters must be considered. This offersternet to each place all over the world. As the operator
wide range for applied computer science and a teamjast gets the information which is offered by the sys-
the Geodetic Observatory Wettzell has started to invdseim, an additional monitoring on location of the tele-
tigate on realizations. Parts of them are funded by tlseope must replace the senses of a local operator. These
European Union via the Frame Program 7 within theaonitoring data allow the automatic detection of criti-
"Novel EXplorations Pushing Robust e-VLBI Servicegal states and situations, either automatically taking ac-
(NEXPReS)” project (Ettl et. al., 2010). tion or informing the remote operator.

This technology can also be used to control more
than one telescope by one operator. The control can
be shared between different operators on different sites
) (shared observation). Hierarchically arranged control
strategies structures are needed to give one operator the pos-

sibility to attend and control several observations on

different sites in parallel. A sophisticated graphical

user interaction is as important as reliable communica-

tion systems. Communication losses must be detected,

reestablished and proofed. During blackouts the sys-
3 tems must be able to run autonomously.

At Wettzell also completely unattended observa-
tions have been done especially for the weekend ses-

\ sions for over three years now. For these the antenna

2 New technical operation control

{ Local } { Remote ] [ Shared } [Unattended}

runs completely autonomous and automatic without

an operator (unattended observation). Well maintained
Ea-RemoteCtrlH SysMon ] and stable telescopes are needed. It is also helpful to
have an on-call service, where especially trained staff
can be activated on time to react on critical, automati-
cally or from remote not solvable situations. The most

The standard case to control operations of a radi@portant implementation of the system to detect such
telescope is that an observer controls a VLBI sessigffuations is a functional and detailed system monitor-
locally on site at the telescope (local observation). HBY ((Neidhardt et. al., 2010).
has direct access to the control system, the hardware These remote and shared observations offer many
and the telescope itself. In case of an error the opef@ssibilities: A passive data access can be granted
tor can directly interact and stop the system manualf@r live monitoring. There are possibilities for tele-

It is important that well educated personnel can dete&@rking with full control access or specialists can as-
problems immediately by using all human senses. Bsist local operators by remote. Very remote telescopes

this Operation mode is also the most time ConsumiﬁglCh as those in Antarctica can be controlled from
large distances. Further, shared observations can re-

Fig. 1 Classification of the technical observation strategies.
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Graphic and | |
Classic main
interface

duce the manpower for shifts or help react to curre -
research needs. These shared observations are no
stricted to systems of one dedicated space techni¢ = = T
but can partly be arranged over system borders. Te : s~ | =
are already proceeded at Wettzell, where student op™"™" i
ators at the laser ranging system also take care of e
weekend sessions at the radio telescope. With clear
call structures in case of a problem the shared obser
tions between personnel of the two systems work qu complte
well. .

= Fée:mote program startup

SSH

Fig. 2 The graphical user interface of e-RemoteCitrl.

3 A possible state-of-the-art solution for
the new strategies: e-RemoteCtrl of the communication to the client the server can oper-
ate completely autonomously until a critical situation
E o ¢ mod b ice based archi ((Se.g. increase of wind speed to a level which is criti-
ven in tmes of modern web-service based architegs 't e telescope) forces it to run into a safe state
tures a reliable control should base on low-level, rex, ..
) Neidhardt et. al., 2010).
liable, well-known and from large software package
independent socket communications. In combination
with a simple, already under Linux available middle-
ware based on Sun Remote Procedure Calls (RPC¥ aNeeded information about system states

classic client-server-model can be implemented. It uses

the extensive functionality of the existing NASA fielda big difference between the classic operation method
system (FS) and extends it with a remote interface. {3th an operator on location of the telescope and a re-
the case of the FS an additional, automatically gengfote operator is that the remote operator can't see all
ated communication is defined using a software gegf the system states. Current hardware normally only
erator "idI2rpc.pl”. This is also a development frongignals errors or operation states with LEDs or on local
Wettzell. monitors. Therefore it is difficult for a remote operator
The main driver in the given design is a stricty evaluate given situations during an observation when
separation of control, communication and presentatigRere are no additional outputs in the FS log. Also some
logic. The complete arithmetic and workflow controjmportant information are not yet collected in the FS,

logic reside in the server, defined as device contrgk power distribution parameters or safety and emer-
code. It is an autonomous working process which ifency details.

teracts with the remote controlled device (here at this A npewly founded Monitoring and Control Inter-

level, the FS). The communication code independentiyce (MCI) Collaboration Group deals with these needs
connects the server to the outer world for requestingyq works iteratively on new standards. One result of
clients. The clients are only used to realize more @keir work is a compiled list of monitoring data col-
less sophisticated graphical user interfaces (see 2) Wihted by different monitoring nodes distributed over
a presentation of the server processed elements. Thigyis telescope, its monument and the operation build-
also the connection point to convertinto possible welg A classification of monitoring points defines three

services. categories: data for science and analysis, data for sys-
Overall the server acts completely autonomousham operations and data for diagnosis.

It can check system status information independently as some of the data are also relevant for the anal-
and decide what to do to keep stable and safe stalpsis to optimize the scientific output of the VLBI data,
Such controlling utilities can be defined as autonomowgdicated sets should be offered to the analysts. These
process cells. The generated watchdog process keepgily are normally low-sampled information (means

alive and an automatic safety device allows to registgjithin a few seconds or minutes/hours) as meteorolog-
if a responsible client is connected. After a breakdown
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ical data, clock offsets, strain meter measurements brldentifying and optimizing operation
water vapor radiometer values. Currently they are in- workflows
cluded to the log file which is transfered to the analysts

after a session. In future selective information can alg - . Lo
. . o ssential is also to think about optimizations of the cur-
be streamed during the session. This might be esp

ially int ting f . VLBI t ¢ Jght workflows. Higher observation loads need more
ciatly Interesting for upcoming - ransters antsnvenient procedures for the setup, the run and the
real-time correlations.

Other dat " ded 1 ‘ finishing of sessions on the different shared telescopes.
er data are mostly needed for operalors, Copg operator must be supported by dedicated proto-

trolling the session locally or from remote. These dat bl logs, showing directly checklists and giving graphs
as power distribution values and currents, wind spee $' historic data sets of the monitoring data, e.g. ca-

emergency stops and safety parametgrs or raCk el delays or clock references. In general the differ-
computer temperatures, are sampled with medium daet communication needs within the phases for setup
rates (human reaction times up to a few seconds; just '

. . . ruh and finishing can be planned to receive data for
for info: the emergency interlocks work independentl . :
. i . e observation (schedules and also quality feedbacks)
from the display much faster using hardware switches),

I to send results to correlators and analysis centers.

The data are displayed over hierarchically and Iocatiolr]1e main modules of the workflows normally can be

tagged monitoring interfaces. Some of those states .¥8hnd in similar ways in all the systems of the geode-

gether with data for analysis can also be used to 9iyk space techniques with more or less extensive sub-

a real-time support of the IVS Live service from thesections. The main workflow parts for VLBI observa-

University of Bordeaux (Collioud , 2010). Some of th%ions can be seen in fig. 3. To support th operator with

data also needed to be archived to identify IOmg'terrrpeeded monitoring information about systems states it

trends, as given for deformations or simple things Fi‘ssg'mportant to present the checklist details and check

fan speeds, which gives hints about aging fans. Some Q . .
results in an ergonomic way.

the sensors need activations, as given for noise diodes,

so that necessary control possibilities must also be im-
plemented.
Storage

Sometimes it is necessary to offer higher sample
(far below milliseconds to milliseconds) data for diag
nosis purposes. The data mainly overlaps with the i
formation collected for operation. But not all sensor
need to offer this high sampling rates, as e.g. rack tei
peratures wont change rapidly . The high sampling rg
for predefined sensors, as servo currents or contour
errors, can be switched on for a dedicated short tin
period as the produced data volumes might be eni

mous. The data then can be used for maintenance deci-
sions. Fig. 3 Main parts of the current VLBI workflow structure.

e-RemoteCtrl/FS

{vLsl) e-Transfer

(of scans)

System

Monitoring

e-Transfer ‘

Shipment

Quality
Feedback

On the basis of a wide range of sensor nodes au-
tonomous systems can run there decisions combining A, example of a current experiment setup check-

the states logically. A sophisticated collection and Ut an pe found in the notes of the Technical Opera-
grade of existing hardware is essential to get a relialig s \workshop described as "Experiment Pre-Checks
system which protects humans as well as the telescQgenark v and VLBA Systems” (a list of suggested,

hardware itself. In the suggested e-RemoteCtrl intgf,a1ly done quality pre-checks to run an experiment
faces for such MCI nodes are already included and cgp,,ding detailed information, Strand et. al., 2011):
be filled after the node installation. Such nodes should

consist of simple fan-less and robust computers, with Prepare experiment SNAP and procedure files

self-identifying data sets and flexible hierarchical se- Check the computer control especially the NASA
sor sets. field system

e Check the station timing and time standard offsets



30 Neidhardt et al.

(Check feed polarization) References

Check receiver status and parameters

Check Intermediate Frequency (IF) distributor, IF8. Adams. The Square Kilometre Array (SKA).
module and IF upconverter or downconverter SKA web page, Jodrell Bank Centre for As-
Check video or baseband converters trophysics, The University of Manchester,

http://www.jodrellbank.manchester.ac.uk/researdi/sk

(Check antenna focus) 2011 (Download 2011-05-29).

° Qheck antenna pointing using a dedicated pointing cgjiioud. VS Live Observing  Sessions
fit Come Alive... In:. D. Behrend, H. Hase,
e Check System Equivalent Flux Density (SEFD) H. Johnson (eds.). IVS Newsletter, Issue 28,
e Check system temperatures http://ivscc.gsfc.nasa.gov/publications/newsleigsue28.pdf,
; ; ; 2010.
o Check phase Ca.“bra.tlon Slgnal M. Ettl, A. Neidhardt, C. PIotz, M. Mihlbauer, R. Dass-
 Check cable calibration ing, H. Hase, C. Beaudoin, E. Himwich. SysMon,
e Check and prepare Mark5A data acquisition system a monitoring concept for VLBI and more. 10th Eu-
for data recording ropean VLBI Network Symposium and EVN Users
e Check meteorological sensors Meeting: VLBI and the new generation of radio arrays,

10th EVN Symposium, PoS(10th EVN Symposium)025,

Send Ready messqge . . http://pos.sissa.it/archive/conferences/125/02 520 EVN
If necessary run additional, extensive testing %20Symposiun025.pdf, 2010 (Download 2011-05-29).

T . - A. Neidhardt, M. Ettl, C. Plotz, M. Muhlbauer, H. Hase, $-S
Some of the checks are more significant if the hidt barzo, C. Herrera, W. Alef. H. Rottmann. E. Himwich.

toric data are visible, e.g. for SEFD, pointing or ca- Interacting with radio telescopes in real-time dur-
ble delays. Other checks give a current snapshot of the ing vLBI sessions using e-control.  10th European
system states. But most of the checks can be (semi- VLBl Network Symposium and EVN Users Meet-
yautomated offering a resulting protocol logbook. It ing: VLBl and the new generation of radio arrays,
should include all necessary information in manage- 0t EVN Symposium, PoS(10th EVN Symposium)024,

. . . http://pos.sissa.it/archive/conferences/125/02420EVN
able, graphically oriented presentations and plots. For %20Symposiun24.pdf, 2010 (Download 2011-05-29).

the systems at the observatory Wettzell such improvg=p. plag, M. Pearlman. Global Geodetic Observing System.
ments allow to run several parallel sessions with sev- Meeting the Requirements of a Global Society on a Chang-
eral worldwide telescopes in parallel controlled by one  ing Planetin 2020. Springer, 2009.

operator, who has a complete, immediate overvie@v Strand, M. Poirier. Experiment Pre-Checks fpr Mark IV_and
d feeling for th led VLBA Systems. Notes of the 6th IVS Technical Operations
over and feeling for the controlled systems. Workshop, MIT Haystack Observatory, 2011.

6 Conclusion

In general the new technical observation strategies al-
low to increase the observation load to support future
scientific needs. In times of limited recourses it is es-
sential to use the synergies over system borders espe-
cially at the observatories with co-located techniques.
The observations itself are more or less time consum-
ing and allow (semi-)automated scenarios to disbur-
den the operators work. The solutions from the applied
computer science should therefore also include inves-
tigations on workflows and operator interactions with
the system. Maybe it is also possible to combine tech-
nical solutions and workflows for GGOS with those at
the future SKA.



Mark 6: A Next-Generation VLBI Data System

A. R. Whitney, D. E. Lapsley, M. Taveniku

Abstract The Mark 6 system is being jointly devel-seconds. Both of these disciplines are eager to cap-
oped by Haystack Observatory and XCube Commture data at 16-64Gbps and record to disk. The Mark
nications as a next-generation disk-based VLBI dafaseries of VLBI data systems is limited to a maxi-
system, and is designed to support sustained datam of 4Gbps (Mark 5C) and cannot support 16 Gbps
rates to 16Gbps writing to an array of disks. Beand higher data rates without many systems operating
gun as a collaborative project in late 2010, the sysi parallel, which is both expensive and cumbersome.
tem is based completely on COTS hardware and h@ke Mark 6 system, based fully on commercial-off-the-
demonstrated 16Gbps sustained recording (to 32 diskkelf (COTS) hardware, is being jointly developed by
from digital-backend systems based on the CaspdiT Haystack Observatory and XCube Communica-
ROACH board; zero-baseline data of broadband cdiens, Inc to fulfill these needs. A prototype Mark 6 sys-
related noise have been successfully recorded and dem has demonstrated VLBI data recording at sustained
related on the Haystack DiFX software correlator. ThE6Gbps, with burst-capture capabilityt82Gbps.

Mark 6 system is expected to be tested in several VLBI

experiments in mid-2011 and be available to the gen-

| VLBI ity in late 2011. .
era commuinity in fate 2 Origin of the Mark 6 system

Keywords VLBI, VLBI2010, VLBI recording, VLBI The basis of the Mark 6 system is derived from a
instrumentation disk-based data-logging system developed by XCube
Communication of Nashua, NH for testing automated-
driving systems for the automotive industry. Cars to
be tested are outfitted with XCube ‘loggers’ to cap-
ture real-time technical data from the automobile, as
well as from numerous car-mounted HD video cameras
The demand for increasing data rates for VLBI obpointing in all directions to continuously capture the
servations is particularly acute in two disciplines: 1¢omplete environment around the vehicle; this allows
mm-VLBI observations, which are typically starvedhorough examination of the environment surrounding
for sensitivity, as well as the need to gather as muehe vehicle to understand reactions of the automated-
data as possible during the atmospheric coherence geiving software, and to diagnose unexpected actions.
riod of 30-60 seconds, and 2) geodetic-VLBI obsefFhe sustained data-rate requirement for this applica-
vations, which must gather as much data as posgibn is ~6 to 12 Gbps, with the recording equipment
ble over a multi-GHz bandwidth in a period of 5-15mounted in the trunk of a moving automobile that must
operate properly while absorbing all the usual bumps
A.R. Whitney, D.E. Lapsley and motions of driving. As a result, the XCube ‘logger’

MIT Haystack Observatory, Westford, MA 01886, USA was specifically designed to sustain required recording
Michael Taveniku

XCube Comminications, Inc., Nashua, NH, 03060, USA

1 Introduction
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high-speed RAM memory, though up tal28GB can
be accommodated for burst-mode applications. The
Mark 6 prototype system is shown in Figures 1 and 2.

3.2 Software

The Mark 6 system operates under an Ubuntu Linux
OS, though with some modified kernel code and drivers
for efficient memory and disk management. Applica-
tion software is written primarily in C++ and Python.
The Mark 6 performance arises from a technique de-
coupling network and disk datastreams with elastic
buffers and kernel-bypass DMA for data transfer.

Fig. 2 Rear view of Mark 6 controller with disk module

3.3 Input
rates in the face of disks whose performance may be
degraded by this harsh environment. The Mark 6 can accommodate up to four 10GigE data-

Though VLBI-data disks do not typically suffer ainput ports, each operating at upt@Gbps. Each input
bumpy ride during recording, they often suffer a bumpgnay operate at a different data rate. Normally, data are
trip from correlator to station, which sometimes has #@ansmitted to the Mark 6 in a UDP packet stream to
negative effect on the recording performance of sontieinimize load on the Mark 6 Ethernet NIC cards and
disks; use of such affected disks can threaten requirgigitain the highest possible data rate.
sustained recording rates if used in ordinary RAID
disk arrays, which are insensitive to real-time require-
ments. The techniques used in the XCube ‘logger’ ha . . .
been extended to the Mark 6 VLBI data system, but §4 DISKS’ disk modules and connection
much higher data rates. Both the XCube ‘logger’ and to disks
the Mark 6 system are based completely on high-end
COTS hardware with highly specialized control softThe Mark 6 system supports only SATA-interface
ware. disks; furthermore, it has been discovered that not all
disk vendors implement the SATA interface in exactly
the same way, which causes some vendors disks to op-
erate more capably with the chosen disk-interface card.

3 Main Characteristics of the Mark 6 As a result, for maximum performance, it is currently

system necessary to specify particular disk vendors, though
low-cost commodity (i.e. non-enterprise) disks from
3.1 Hardware these vendors are acceptable.

Mark 6 disk modules are similar to Mark 5 disk

As indicated above, the Mark 6 controller incorporatergoleIeS (8 disks per module) except that Mark 6 disk
odules connect to the controller via COTS external-

only COTS hardware, though components are carefu ATA cables. Each external-SATA cable supports 4

selected for performance and compatibility with other. : .
. disks, so that a module requires the connection of two

system elements. A high-end motherboard, CPU an
- such cables plus one power cable. Any cable may be
RAM memory are used to maximize performance; a

. ! . connected to any disk module; the controller sorts out
standard Mark € system is outfitted with12GB of which disks it is connected to. XCube also offers a
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module that houses 16 2.5-inch disks that requires tBelisk modules), they are organized into a logical ‘vol-
connection of four external-SATA cables. All XCubeume stack that specifies the order of usage; when the
modules include an internal fan. currently active (recording) volume nears capacity, the

We are investigating the feasibility of developingViark 6 can automatically re-direct subsequent scans to

a conversion kit that will permit existing Mark 5 diskthe next volume in the ‘volume stack’. The full vol-
modules to be modified to operate with the Mark 6 sysime may be then disconnected and a new empty vol-
tem, allowing significant cost recovery of the originalime attached and added to the volume stack, all while
module expense (though existing PATA modules willecording continues on the active recording volume.
need to be outfitted with SATA disks). A conversiorEnhancements have had to be made to the XCube soft-
kit would include a new module backplane, plus a neware in order to support this mode of operation re-
front panel with appropriate connectors. Because tlyeired for VLBI operations.
Mark 5 modules do not include built-in cooling, an ex- Care is being taken to continuously collect disk-
ternal cooling fan must be provided, which could bperformance statistics to identify the module and disk
provided by an (otherwise idle) Mark 5 chassis or serial-number of poor-performing disks so that such
simple chassis that accepts the modules and providisks can be easily physically identified and replaced.
fan cooling.

The use of standard external-SATA cables to con-
nect the Mark 6 controller to the modules is differené
from Mark 5 but is quite workable. The heaviest wear"
is on the cable ends connecting to the modules. Ca-
bles can be reversed to double their lifetime (projectddie Mark 6 writes a single standard Linux file to each
~500 connect/disconnect cycles for each cable endgta disk for each input data stream. The data stream

When a cable connector wears out, the cable is eaéﬂ?l”ﬂ each Ethernet interface is gathered into a buffer
and inexpensively replaced. of order 64MB before attempting to write that data to

the next disk in a round-robin sequence; if a disk is not

ready at the time the data buffer is ready to be writ-

] ] ten, the write request is immediately diverted to the

3.5 Monitor & Control and disk next disk in the sequence; this allows data distribution
management among disks according to their individual performance.
Each buffer is identified by a header with a sequence

A VSI-S command set has been specified for the Mafkimber that, on replay, allows properly ordered data to
6 and is being built as a layer on top of the native XMIPe reconstructed from the multiple files to which is has
interface provided by XCube. been scattered.

Depending on recording data rate, different num- Software is being written that, on replay, represents
bers of simultaneously-operating disk modules are rée data from each recorded data stream as a single
quired. A single 8-disk module with modern disks will-inux file; this greatly simplifies interfacing the Mark
support 4Gbps; two modules (16 disks) are required fBrto a software correlator.
8Gbps, 4 modules (32 disks) are required for 16Gbps. In order to maintain the maximum recording-rate
In order to accommodate these different requiremenéapability, the Mark 6 records the entire Ethernet
the Concept of a ‘volume’ has been created to identiﬂﬁCket from all data streams and is oblivious to the for-
the collection of one or more disk modules needed fﬁat of the actual data frame within the Ethernet paCket.
support a particular observing requirement. A ‘volum@n replay, Ethernetheader and trailer data are normally
is created by ‘bonding’ a specified set of modules t&tripped so that the user sees only the actual payload
gether for the duration of existence of a particular dag@cket (VDIF or Mark 5B, etc).
set. When that data set is erased, the constituent mod-
ules become individual volumes again.

In the case that multiple volumes are simultane-
ously mounted to the Mark 6 (for example, four vol-
umes of single 8-disk modules, or two volumes of two

6 Data format on disks; playback
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Haystack TOW meeting program

On the occasion of the VLBI Technical Operations Summary
Workshop (TOW) held at Haystack Observatory in

May 2011, a demonstration of the Mark 6 systeMpe Mark 6 VLBI data system is a major step forward
was held. Flgure_3 shows the schematic of the SyStﬁmdata-rate capability over previous VLBI data sys-
setup for recordlpg. Two broadband correlated NOI$Ems and is the first high-performance system to use
sources are fed into a set of four up-down convery,, cOTS hardware. The high-performance and low-
ers (UDC). Each UDC selects a different 512MHZ,q; of the Mark 6 system, as well as future improve-

slice of spectrum from each of the two correlatepnems due to the normal progress of COTS technology,

noise sources and tran.slates.it to 512'1024MHZ,(S%|'II help to maintain its long-term viability. In the short
ond Nqus'F zone) for input into two RDBE dlgltalterm, mm-VLBI and geodetic VLBI will be the major
backend units (based on the ROACH general-purpoggneﬁciaries of the new capability, but in the longer

signal-procesging b_oar_d developed at Berkeley, NRAtgrm will also enable much higher sensitivity over a
and South Africa, with firmware developed at Haystacll§Oarol range of VLBI observations

Observatory). The output of each RDBE is two 10GigE More information about the
data streams, each at 4Gbps, for an aggregate data fRLeK 6 system is available at

into the Mark 6 of 16Gbps. Data were recorded to a sy /yww.haystack.edu/tech/vibi/marké/index.html.

of 32 disks for several minutes. The Mark 6 system is expected to be available to the
Following recording~1 second of data were re- eneral VLBI community in late 2011.

constructed from the Mark 6 disks and transferred o
a standard Linux file for correlation on the Haystack
DiFX software correlator (see Figure 4). The correla-
tion (from the ‘fourfit’ fringe-fitting program) results
from one 512MHz slice of the recorded bandwidth
are shown in Figure 5, and are as expected. Ripples
on the cross-correlation bandpass amplitude and phase
are due to both non-flatness of the noise sources and
differences in analog filters along the parallel signal-
processing paths across the 512MHz channel band-
width.



Experiences with regular remote attendance towards new
observation strategies

M. Ettl, A. Neidhardt, M. Mihlbauer, C. Plotz, H. Hase , S. Sobarzo, C. Herrera, E. Ofate, P. Zaror, F. Pedreros,
O. Zapato

Abstract Current VLBI observations are controlledcontrolled observations at Wettzell. The software ex-
and attended locally at the radio telescopes on the bagission was also tested in both ways in geodetic VLBI
of pre-scheduled session files. Operations dealing wibssion between Wettzell, Germany and Concepcion,
system specific station commands and individual set@tile. The Intensive-sessions during weekends from
procedures. Neither the scheduler nor the correlator ndkettzell with Tsukuba are regularly operated remotely.
the analyst get a real-time feedback about system fdie experiences gathered by these different session
rameters during a session. Remotely induced changesups have led to new features like automatic con-
in schedules after the start of a session are impossection reestablishment and internet performance mea-
ble. For future scientific applications more flexibilitysurements. Future developments for an authentication
in the session control would optimize the station reand user role management will be subject of the up-
sources. Therefore a proposed shared-observation comming NEXPRES project.

trol of the global network of radio telescopes will be

an advantage. Remote attendance/control as well as

completely unattended-observations will become a néeywords NEXPReS, VLBI, remote control, remote
cessity for VLBI2010 observation programs. To apattendance, GGOS, geodetic observation strategies, e-
proach the goal of remote controlled VLBI operaRemoteCtrl, rpc, idI2rpc, middleware, GGOS, NASA-
tion the Geodetic Observatory Wettzell in cooperationieldsystem, Wettzell, TIGO

with the Max-Planck-Institute for Radio Astronomy in

Bonn are developing a software extension for remote

control to the existing NASA Field System. The sta;

) 1 VLBI observation strategies
tus of this developments allow already regularly remote

At the Geodetic Observatory Wettzell several possible
M. Ettl and A. Neidhardt observations strategies were detected (fig. 1). The stan-
Seolfe“‘? 2b3‘;rtvat°ry ;’gettze” (FESG) dard case is, that an observer controls a VLBI obser-
ackenrieaer strasse . .
D-93444 Bad Kotzting, Germany v_auon Iocally on site at the telescope (local (_)bsgr\_/a—
tion). But with new remote control technologies it is

M. Muhlbauer, C. Plétz and H. Hase not necessary anymore that the operator is on location.
Geodetic Observatory Wettzell (BKG) He can control the system from remote (remote obser-
Sackenrieder Strasse 25 vation). This technology can also be used to run more

D-93444 Bad Kotzting, Germany than one telescope by a single operator. This kind of

S. Sobarzo, C. Herrera, E. Ofate, P. Zaror, F. Pedreros &fintrol-sharing between operators is called shared ob-
O. Zapato servation. At Wettzell also completely unattended ob-
Universidad de Concepcion servations have been done especially for the weekend

Camino Einstein Km 2,5., Casilla 4036, Correo 3, Concepciosessions for over 2 years now. For these the antenna
Chile

1 http://www.nexpres.eu/
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runs completely autonomous and automatic without @&onsR1471 RD1101andR4471at the Chilean tele-
operator (unattended observation). Especially remateope remotely between 2:00UT and 10:00UT. For se-
and shared observations offers a lot of new possibitiurity reasons, the whole communication was tunneled
ties: A passive data access can be granted for live monsing Secure Shell (SSH) with automatic connection
toring. There are possibilities for tele-working with fullcontrol. It (re-)establishes broken SSH tunnel with-
control access where specialists can assist the local opt user interaction. During the session local operators
erators by remote. Very remote telescopes as at Antawere available on both sides to be prepared in case of
tica can be controlled from remote over large distancesalfunctions. The integrated chat functionality and a
And shared observations can reduce the manpower feeb cam live view gave additional feedback.

shifts or help to react on current research needs.

Unattended
Observation

Setup for the first
. regular shared
observation test

- 3‘— . week

Fig. 2 Geographic locations and setup

Fig. 1 VLBI Observation strategies

3 The results

During the shared observation the roundtrip delays
2 Regular shared observation test week (time for sending a request and receiving the response)
of commands were captured for almost a whole week.

Wettzell develops a software extension for remote cofi©r @ better interpretation an aggregated mean calcula-
trol to the existing NASA Field System (FS) in cooplion for 15 minute intervals over the round-trip delays
eration with the Max-Planck-Institute for Radio AsJS used. Therefore higher network loads can be seen, in-
tronomy (Bonn). The software, called e-RemoteCtrﬂue”Cingthe remote control. The mean roundtrip delay
uses remotely accessible, autonomous process cell§%&hile and back is about 0.39 seconds. This means
server extension to the FS on the basis of Remote PFat each command takes a third second from send-
cedure Calls (RP@) Based on this technology sev/N9 0 the response. With this one week lasting regular
eral remote control and attendance tests were s@@servation test very important conclusions could be
cessfully shown with telescopes at Germany, Ch"g]ade: (1) The used SSH-stabilization without a human
Antarctica and also at foreign sites as HoBaFhe lat- interaction worked quite well without large control
est test between Wettzell and Concepcion on Feb@RPS (the longer time without transfer was caused while
ary 21th to 25th demonstrated a regular shared dhe System was notactive). (2) The telescopes use very
servation week. Wettzell took over complete nigmroprietary setup procedures and antenna commands.
shifts from Concepcion while running the own obseEven with the standardizing FS it is quite difficult to

vation sessions. Therefore Wettzell operated the s&80w all of these specifics. This means, that standard-
ized pro-, mid- and post-session procedures must be

2 see more at Neidhardt (2009) and Bloomer (1992) designed on the basis of ch.e_cklists and with (_gra_phi—
3 see more at Ettl (2010) and Neidhardt (2010) cal) logbook reports. (3) Additional system monitoring
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data is necessary to get a better overview of the system
status from remote.

Fig. 3 Roundtrip delay results during remote control session
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Experiment of Injecting Phase Cal ahead of the Feed: New
Results

D. lvanov, A. Vytnov

Abstract The phase calibration system has been de-=
veloped for the Russian VLBI network of new genera-
tion. The speciality of this phase calibration system is &=—
to radiate phase cal impulses from a special broadban@& —
feed located ahead of the receiving feed. The main ad-
vantage of injecting phase cal ahead of the receiving
feed is in putting most of the VLBI signal path into the
phase calibration loop. The research carried outin 200§ * Photos of the manufactured TEM horn feeds.

showed the absence of multipath effects in the exter-Frequ-Tlevel of side lobegWidth of directional pat-
nal radiation phase cal signal. In 2010 the long-period ency, |dB tern, deg
phase stability was investigated with broadband TEM GHz
horn. The results of last experiments are considered. E-plang H-plane | E-plan H-plane

2 —12 15 68.5 61

5 -13 | -153 50.1 52.3

L 8 -111| -175 48.2 49.1

Keywords Phase calibration system, TEM horn 14 _163| -137 405 36.2

The-prlmary goal of the phase calibration Sys_tem llsable 1 The characteristic of radiation pattern of the TEM horn
to monitor the instrumental phase delay. For this pugseq

pose a spectrally pure reference signal is transmitted

by cable to the mirror room of radio telescope where it

synchronizes generator of very short impulses of abosttthe receiving feed is in putting most of the VLBI sig-

40 ps duration. In current phase calibration system tig| path into the phase calibration loop (Ivanov et al.,

impulses are injected through direction coupler into thg10).

inpUt of receiver before the first LNA and passed with For em|tt|ng phase cal we have used transverse

the received signal through receiver and data acquigtectromagnetic (TEM) horn antennas. TEM horn an-

tion devices to digitization, after which the phases Qénnas have the advantages of wideband, no dis-

the tones are extracted. persion, unidirectional and easy construction (Mal-
The phase calibration system has been developgfizadeh et al., 2010). Some samples of TEM horn

for the Russian VLBI network of new generatiorantenna with TEM double-ridged transition for the 2—

(Finkelstein et al., 2010). The speciality of this phase4q GHz frequency band was made in IAA (Fig. 1).

calibration system is to radiate phase cal impulses frophese samples are differed by method of manufactur-

a special broadband feed located ahead of the receivirg.

feed. The main advantage of injecting phase cal ahead The characteristic of VSWR and radiation pattern

of the feed are measured (see Fig. 2 and table 1). Char-
- acteristics of TEM horn feed obtained show feasibility
mitrij lvanov, Alexander Vytnov

Institute of Applied Astronomy of RAS, 10, Kutuzova emb.Of using it for emitting phase cal signal.
191187 Saint Petersburg, Russia
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In the mid 2010 a few experiments with TEM horn P :Ijm = = = %
feed were carried out in the observatory “Svetloe” on s R = e
the Russian VLBI-network Quasar (Fig. 3). A feed i 3 ’
connects to reserve generator which synchronized by in e tees eis tems e e e e

reference 5 MHz signal.

The phase cal impulses being transmitted from regi_q. 5 Ampl_itude and phase of a signal of phase calibration on
ular generator and emitted through TEM horn feedf PUtS of video converters.
were simultaneously observed by oscillograph Agilent
DSO 6102A on outputs of the receive3sl., X bands.
The output oscillograms are shown on Fig. 4. The
experiments showed the absence of multipath effe
in the external radiation phase cal signal.

The long-term phase stability was investigated by
ase cal system with outer radiate impulse for receiv-
ﬁ% systems of5,, L-, X- bands. The results obtained
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Ivanov and Vytnov

are similar to that of regular phase cal system (Fig. 5).
Hence, such method doesn’t bring additional phase in-
stability.

Conclusions

The research carried out shown the possibility to use
TEM horn feed for wideband emitting of phase cali-
bration into a reception path of the radiotelescope. It is
planned to investigate influence of weather conditions
on phase stability of the method presented.
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Next-Generation DAS for the Russian VLBI-Network

E. Nosov

Abstract The Data Acquisition System (DAS)
R1002M was developed by Institute of Applied As-
tronomy for upgrading radio interferometric network
“Quasar” (Grenkov et al., 2010). The new DAS uses
digital signal processing on video frequencies and pro-
vides enhanced performance. It is compatible with ex-
isting analog DASs and is intended for their replace-
ment. The system consists of 16 Base Band Converter:
(BBC), IF-distributor, Clock Generator, Data Stream
Combining Board (DSCB) and auxiliary units (Fig. 1).
It has four IF-inputs which can be electronically con-
nef:ted to the BBCs in required way by IF—distr_ibutolgig. 1 Blockl of R1002M DAS.
unit. The BBCs’ output data streams are combined in

DSCB and available on its output in VSI-H format with

up to 2048 Mbps data rate. The DAS is well suited t@ith \/S|-H format (Grenkov et al., 2009). In R1002M
work with Mark 5B+ recording system but it can alsqne translation to baseband is performed by high qual-
work with Mark 5B in case of 1024 Mbps and lowelity analog mixer and local oscillator (LO). The output
data rate. For properly synchronizing the DAS is resignals of the mixer are then digitized and all subse-
quired for 1 PPS and 5 or 10 MHz signals. The clockyent processing is implemented by an FPGA (Fig. 2).
generator automatically determines which input refefne digitizing is performed by 2-channels analog-to-
ence frequency (5 or 10 MHz) is used. digital converter (ADC) with sample rate of 64 Msps.
To separate the side bands it is necessary to inject phase
shifting of 90 between digitized input signals. A spe-
cial multirate filter bank with complex-valued coeffi-
cients was developed and realized in FPGA for this
purpose. It contributes precise phase shift of @the
1 Base Band Converter whole bandpass started from as low as 10 kH@ (B

level achieved at 5 kHz). It gives an opportunity to use
The main purpose of the BBCs is to cut a part of thtehe. usual phage calibration signal of 10 kHz for corre-
. . . . lation processing and makes the R1002M DAS fully
input IF-signal in required frequency range and tran%—0 atible with existing analoa DASs. At the same
late it to a baseband, separate side bands, form desir.e(qIp g 9 '

) . o - _—1ime the use of this technique allows achieving rela-
bandwidth and execute 2-bits quantizing in compllan(ie o o .
Ively high image rejection rate. Its typical value for

Keywords DAS, DBBC, Quasar network, FPGA

E. Nosov the digital BBC is—40-+ —45 dB (at frequencies be-
Institute of Applied Astronomy of RAS, 10, Kutuzova emb.]ow 16 MHz) while for existing analog BBCs the typi-
191187 Saint Petersburg, Russia cal value is about-20=~ —25 dB.
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[P inpute 14 100-1000
MHz [ MHz — |
2-bits
64 MHZ_ sidebands
data
Output data
(to Mark5B+)
D coentnirg bourc BN Fig. 3 Simplified structure of the BBC.
1PPS (main) (aux.) A
3 Field tests

Fig. 2 Simplified structure of R1002M DAS and pictures of the
BBC and DSCB.

The DASs R1002M have been installed in Svetloe

and Zelenchukskaya observatories and have been used

A few additional switchable FIR-filters are used fofn the following observations: Ru-E090, Ru-E096 and

forming six possible bandwidths: 0.5, 2, 4, 8, 16 anfly-U133. The systems operated in parallel with reg-
32 MHz. The resulting amplitude-frequency charactefjar DASs (Mark IV in Svetloe and VLBA4 in Ze-
istics of the digital BBCs are made similar to thosgnchukskaya). Correlation processing of these obser-
of BBCs of existing analog DASs for improving com-yations proves compatibility between the digital and
patibility between the systems. Furthermore, the bange analog DASs. Furthermore, using R1002M on both
widths of 4 and 16 MHz have variants with close-tostations gave appreciable increase of SNR on the corre-
square characteristics. It could improve the sensitivifytor output. Ratio of SNRs in case of digital-to-digital
of radio interferometer a bit more in case it is only thgng analog-to-analog channels correlation is counted
digital DASs that work on each station. The using 0ind averaged over 215 scans (Fig. 3). In average over
digital signal processing allows to achieve almost confhe session the digital DASs gave an improving of
plete identity over the channels and thus it allows tnhout 360n each station of radio interferometer. The
avoid associated sensitivity loss of the interferometeiti-band delay (MBD) error was decreased as well

(Fig. 4).

2 Control

4 Summary
There are three possible ways to connect the R1002M

DAS to control computer of radiotelescope. RS-23Zhe channels of R1002M DAS have high repeatabil-
RS-485 and 100/10 Ethernet interfaces could be usgd high rate of image noise rejection, low LO phase
for this purpose. Normally, the DAS is controlled byyoise, low ripple of amplitude-frequency response and
Field System software, but the special control softwafgear phase-frequency response. It allows minimiz-
under Windows OS is also available. Besides regulgfg degradation of radio interferometer sensitivity con-
functions of control and monitoring it provides a fewriputed by DAS. Wide control and monitoring futures
additional useful futures mainly intended for testinghakes it handy for using. Due to reprogrammable FP-
and service goals. First, it allows on the fly computing;as the DAS functionality could be easy upgraded and
of 128-points 2x 2-bits correlation function betweennew futures could be added. The tested observations
any channels of the DAS. The computing itself reaprove advantages of created DAS and its compatibility
ized in the FPGA of DSCB and the software just dogfjth existing analog DASs. The third RL002M DAS is
some post-processing and graphic representation of la@dy for installing in Badary observatory and after ad-
result. Second, the software could find the power spegtional testing the R1002M DASs will be accepted as

trum density or cross-spectrum by using an FFT of rerregular DAS for all telescopes of “Quasar” network.
ceived correlation function. Finally, the program dis-

plays counted by DSCB 2-bits distribution of quantized
output signals.
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Input frequency range
Number of IF-inputs
Number of channels (BBCs
Selectable bandwidths
Separated sidebands
Image rejection rate (typ.)

1001000 MHz

4

16

0.5, 2, 4, 8, 16, 32 MHz
Both lower and upper
—40+—-45dB

Commutation of input andlectronically

output signals

Local oscillators phase noi
(rms)

Ripple of amplitude
frequency response of t
BBCs

Output data format

Output data rate

Available control interfaces

Total dimension (three 14

to 30 MHz)
+<0.3dB
he

VSI-H
Upto 2 Gbps

ernet
3445x 950x 315 mm

subracks)

Table 1 R1002M DAS specification
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Fig. 5 MBD error for MarklV-VLBA4 and R1002M-R1002M
cases during RU-E096 observation session for 1044+719 and
3C371 sources. Base: Svetloe-Zelenchukskaya.

Fig. 4 SNR increment in the digital system in compare to
the analog systems. Average over 215 scans. Base: Svetloe—

Zelenchukskaya.
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Status and future plans for the VieVS scheduling package

J. Sun, A. Pany, T. Nilsson, J. Béhm, H. Schuh

Abstract In order to exploit the full power of the facets have been investigated within the International
future VLBI2010 system and derive the best possi¥LBI Service for Geodesy and Astrometry (IVS) in-
ble geodetic parameters, a new scheduling packageding small fast-moving antennas, broadband fre-
(VIE_SCHED) has been developed since 2010 at tlggency observations (2-13H2), and two or more an-
Institute of Geodesy and Geophysics (IGG) of the Viennas at a site (Petrachenko et al., 2009). At God-
enna University of Technology. It is one part of the Vidard Space Flight Center (GSFC), Greenbelt (USA),
enna VLBI Software (VieVS). To test the newly dethe SKED software (Vandenberg, 1999) has been up-
veloped scheduling algorithms, thorough and realistiated for VLBI2010 scheduling. Furthermore, a new
simulations have been carried out. The schedules farheduling package (VISCHED) has been developed
24-hour continuous VLBI2010 observations are prend used at the Institute of Geodesy and Geophysics
pared with the software packages VBECHED and (IGG) of the Vienna University of Technology. Itis part
SKED respectively, which are compared in terms aff the Vienna VLBI Software (VieVS) (Boehm et al.,
scheduled sources, number of observations, idling p@009), and similar to VieVS it is based on MATLAB
centage, sky coverage, and station position repeatabitript files. The requirements of VLBI2010 have been
ities. Results of similar quality are achieved. Finallgtudied in detail and the new scheduling algorithms
some future work is also listed. were designed to fully exploit the possibilities of the
future VLBI2010 system.

Considering a more uniform network (than the cur-
Keywords VLBI, VLBI2010, scheduling, Monte rent one) of fast moving antennas we focus on the in-
Carlo simulation crease of observation density which is the critical fac-
tor for the accuracy of the estimated parameters. So
far we have been concentrating on station dependent
scheduling (Petrachenko et al., 2009), i.e., we optimize
the sky coverage for short intervals taking into account

) the rapid atmospheric variability, partly at the expense
The goals of the next generation VLBI (Very Longsf the total number of observations. For the purpose of

Baseline Interferometry) system, VLBI2010, are t@yoss-checking and convenient interface, \BEHED
achieve 1 mm position accuracy over a 24-hour obaads the same catalogues of sources, stations, and ob-
serving session and to carry out continuous Obser‘éfé'rving modes as the SKED software from GSFC. It
tions, i.e. observing the Earth Orientation Parametesg.; writes .skd file, which contains a complete de-
(EOP) seven days per week. Initial results shall be d§Cripti0n of the session, the schedule, and the addi-
livered within 24 hours after taking the data. To fuljona] information used in scheduling the session. The
fill the requirements of VLBI2010, the various newape wrap algorithms have also been developed to cal-
culate the slewing time. Furthermore, models of source

Institute of Geodesy and Geophysics, Vienna UniversityefiF structure and elevation-dependent sensitivity are used
nology, 1040 Vienna, Austria, jing.sun@tuwien.ac.at to calculate the duration of the scan. The \@EHED

1 Introduction
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software offers the possibility to the user to optimiz.2 Schedule parameters
the schedule according to different criteria. Thus, the
selection of the next source to be observed depends 9N The 24-hour continuous observing session is con-
the selected optimization criteria. sidered and compared. When creating a schedule
The simulation process is repeated 25 times, each tq, an experiment, VIESCHED and SKED read
time creating new values for zenith wet delay, clocks, e same catalogue system files for the selection of
and observation noise, to obtain a sample of output pa- sources, stations, and observing modes.
rameters that can be analyzed statistically. 2. Source structure models (elliptical Gaussian mod-
els) are also used in VISCHED to calculate the
predicted observed flux on each baseline of a scan.
2 VLBI2010 simulations The minimum of observed flux is 0.By. A pair of
sources (at least 120 degrees apart) is scheduled.
3. The generation of the schedules is done assuming
2.1 Network that the observations are carried out with the current
S/X system. The recording rate isGbps(number
The same VLBI2010 network of 18 stations plotted in  of channels 14, bandwidth 128Hz, sample rate
Figure 1 is used for SKED and VIECHED. This is 256 MHz and 2 bits quantization). The minimum
an interim VLBI2010 network consisting of antennas Signal-to-Noise Ratios (SNR) are 20 (X band) and
expected to be outfitted with VLBI2010 observing sys- 15 (S band), respectively. The cut-off elevation an-
tems in the near future (2013), and also considering po- gle is 5 degrees.
litical, infrastructural, and economical aspects. The iMd. The 18 stations are divided into two groups (11 fast
terim network includes legacy antennas (stars) and new antennas plus 7 slow antennas) according to slew
fast slewing antennas (circles). rates. We pay more attention to the antennas with
fast slew rate. The slow antennas take part in the

o ) ) experiment only if they can arrive at the next source
Table 1 Characteristics of the 18 stations used for the simula-

tions. The numbering of the stations (station indices) & tt in time.

ble corresponds to the numbers in Figures 2-5. The slewieg ra

given are just exemplificative values used for the simutegiand

do not always agree with the real or projected specificatagins . .

the antennas. 2.3 Simulation parameters
Sta IndexSta Name Slew Rate | Slew Rate
- ARTRAD AZ (dle;é/m'” EL (dgg/m'” To support the development of new scheduling algo-
5 “KOKEE 120 120 r!thms, realistic VLBI2010 simulations hfa\ve b(_aen car-
3 “NYALES20 120 120 ried out at the IGG and at the GSFC to investigate the
4 *GOLD2010 180 60 new geodetic VLBI system thoroughly and systemat-
5 "URUMQI 180 60 ically. VIE_SCHED is directly connected to VieVS to
6 “WARKWORT|) 180 60 provide feedback on the quality of the schedule. After
7 *TSUKUB32 180 180 . . .
8 SARECIEO 300 =5 scheduling the observations with the software packages
9 OFORTLEZA 300 75 SKED and VIESCHED comparably, they are trans-
10 °GGA02010 300 75 formed to NGS format and used as input to the VieVS
11 OKATH12M 300 75 simulator (VIESIM). VIE_SIM sets up the o-c vec-
12 °MT_PLSNT 300 75 tor (observed minus computed) of the least-squares ad-
13 °YARRA12M 300 75 . . . .
14 OKOREA 200 300 justment with simulated values of zenith wet delays,
15 °AZOR2010 720 360 clocks, and obs_ervation noise at each epoch.. The out-
16 OCNARY_IS 720 360 put of VIE_SIM is transformed to databases in NGS
17 °WETZ2010 720 360 format, and thus can be analysed by VieVS as well as
18 °YEBE2010 720 360 by other software packages. It is absolutely necessary

to define standard interfaces (like NGS files) to be able
to cross-check the result.
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Fig. 1 18 stations network used for the VLBI2010 simulations. Stenote legacy antennas, circles new fast slewing antennas

The simulation values listed were chosen by thas proposed in the IERS Conventions 2010 (Petit and
VLBI2010 Committee (V2C) to provide comparabilityLuzum, 2010). The troposphere parameters to be esti-
between the simulations done at IGG Vienna and thoseted are zenith wet delays and gradients, all of which
done at GSFC (Petrachenko et al., 2009). The paraare parameterized as piecewise linear offsets. The vari-
eters include the refractive index structure cons@@nt ations between the offsets are constrained to zero by in-
(2.5 10 'm1/3), the effective height of the wet tro- troducing pseudo observations. Station clocks are mod-
posphere H (200@n), and the wind velocity vector v eled with a second order polynomial and superimposed
(8.0 m/s) towards east (see Nilsson and Haas, 201fiecewise linear offsets. The components of station po-
Pany et al., 2011). The stochastic variations of statiition are treated as offsets and are estimated once per
clocks are computed as sum of a random walk and a4-hour session.
integrated random walk, with a power spectral density The parameters used to estimate troposphere pa-
corresponding to an Allan Standard Deviation (ASDlameters, clock parameters, and station positions are
of 10* @ 50min. A white noise of 16ps per base- listed below.

line observation is added. 1. NNR/NNT for all a priori station coordinates;

source coordinates fixed to ICRF2.
2. EOP offsets for each 24-hour session.
2.4 Estimated parameters 3. Quadratic function plus 6@nin piecewise linear
function for clocks with relative constraints of 42

The simulated NGS data files are entered into the soft- PS o o ) )

ware package VieVS, which computes a classical leadt: i piecewise linear fu.nctlon for zenith wet de-
squares solution. The parameters to be estimated arela‘yS ‘_N'th reIa‘uye cpnstramts _Of 18s ] )
troposphere parameters, clock parameters, and statyn10min piecewise I|near_ function for gradients with
position residuals (with No-Net-Rotation (NNR) and 1.4r_nmre|atwe constraints andrhimabsolute con-
No-Net-Translation (NNT) on all stations), as well as Straints.

daily EOP. The tropospheric slant wet delay is modeled

with a zenith wet delay and superimposed gradients
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Table 2 Statistics of the different schedules

From SKEQFrom VIE.SCHED
Number of scheduled sourges 200 225 o
Number of scans 4000 4138 E
Number of observations 99371 84398 3
3 Results

Schedules for 24-hour continuous observation agg 3 diing, slewing, and observing percentage. Results from
prepared with the software packages SKED argKED are shown left, results from VIECHED are shown right.

VIE_SCHED, respectively. These are compared in

terms of scheduled sources, observation number, idling

percentage, and sky coverage. The estimated stationthe difference of mean sky coverage per 20 minutes
position repeatabilities are also compared. from the two schedules. Because of less observa-
tions, the stations with slow slewing rates (low sta-

1. The number of observations is shown in Table 2 and tion indices) have worse sky coverage comparably.

Figure 2.

140001~ b

100001~ b

8000 b

number of observations
sky coverage value

IS

S

15}

S
T
L

—+from SKED 4
—6-from VIE SCHED

0 4 , . | , , . . .
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Fig. 2 Distribution of observations. Results from SKED aréig- 4 Sky coverage distribution for 20 min intervals. For defini-
shown with left bar (red), and results from VIECHED are tion of sky coverage, see section 3.
shown with right bar (blue). The station indices are coesist
with increasing slew rate.
4. Figure 5 shows station position repeatabilities ob-
o ) tained from the simulations. The median station
2. The charact.enstl.cs qf the antenna in the schedyle position repeatabilities derived from SKED and
are summan_zed in F!gure_3. Qne of the most strik- v/ SCHED are 3.29nm and 3.72mm respec-
ing features is how little time is actually spent on  jyely The median station position repeatabilities
observing. The rest of the time is spent slewing and ¢ 7 510w stations are 3.36m (from SKED) and

idling. Using_ fill-in mode (Gipson, 2010), the_idling 4.29 mm (from VIE_SCHED), respectively. And
precentage is less than slewing precentage in the re- \he median station position repeatabilities of 11 fast

sults from SKED at slow stations. . stations are 3.25nm (from SKED) and 3.36nm
3. One possible method to clearly define uniform sky (from VIE_SCHED). As a consequence of the dif-
coverage and to get a corresponding statistical NUM- forance in terms of observations distribution, idling

ber is to divide the sky above the station in 13 percentage, and sky coverage distribution, the sta-
segments and count the segments which contain at i, position repeatabilities from VISCHED are

least one observed source in a certain time interval 4 jitje worse than those from SKED at stations with
(Wresnik et al., 2007). If for one station the sched- |, station indices. i.e.. slow slewing rates.

ule has 13 observations per hour distributed over
all 13 segments, the sky coverage is of category
13: the best possible sky coverage. Figure 4 shows
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The Quasar Network Observations in e-VLBI Mode

1. Bezrukov, A. Finkelstein, A. Ipatov, M. Kaidanovsky, A. Mikhailov, A. Salnikov, V. Yakovlev

Abstract This paper describes activity of the Instituteare carried out weekly. Real-time VLBI-technology is
of Applied Astronomy in developing real-time VLBI- being used at IAA since 2007 when the first exper-
system using high speed digital communication linksiment was successfully done with Haystack observa-
Now e-VLBI sessions are carried out routinely withirtory (Bezrukov et al., 2009; Salnikov et al., 2009). All
domestic VLBI-programs for UT1-determination. Ob-observatories are equipped with Mark 5B recording
servational data of 1-hour sessions are transmitted @¥rminals. The observations are correlated in the IAA
multaneously from “Svetloe”, “Zelenchukskaya” andControl and Processing Center in Saint-Petersburg.
“Badary” observatories to the IAA Data Processinglow e-VLBI sessions are carried out routinely within
Center in Saint-Petersburg through fiber lines at 5@emestic VLBI-programs for UT1-determination. Ob-
70 Mbps via Tsunami-UDP protocol. servational data of 1-hour sessions are transferred si-
Within these experiments observation data recorded tnultaneously from “Svetloe”, “Zelenchukskaya” and
Mark 5B recorder are transmitted to the buffer servéBadary” observatories to the IAA Data Processing
during time interval when an antenna pointed from or@enter in Saint-Petersburg through fiber lines at 50—
source to another. This procedure allows us to redu¢® Mbps via Tsunami-UDP protocol http://tsunami-
total time of obtaining final result by 30 %. udp.sourceforge.net. In September 2010 few scans
were successfully transferred from Quasar-Network
observatories to Correlator Center at Shanghai obser-
Keywords e-VLBI, Quasar Network, Tsunami-UDPvatory and vice-versa from Shanghai observatory to
protocol Correlator of RAS. The developing of advanced algo-
rithm for automation of the data transfer process from
the recorder to Correlator is in progress. The goal of
activity of the Institute of Applied Astronomy in de-
veloping real-time VLBI-system is to achieve the re-

) . _quirements of VLBI-2010 Program.
Institute of Applied Astronomy of the Russian

Academy of Sciences performs regular observations on

Quasar Network within international and domestic pro- o

grams. There are two types of domestic observatiorsal COmmunications

sessions: 24-hour Ru-E series for EOP determination

and 1-hour Ru-U sessions for UT1 evaluation in ne@t 2007 all observatories of the VLBI Network
real-time mode (Finkelstein et al., 2008). Both serieguasar” were linked by optical fiber lines to pro-
vide both e-VLBI modes for determining Universal
llia Bezrukov, Andrey Finkelstein, Alexander Ipatov, Ma# Time within intensive 1-hour sessions and real-time re-
Kaidanovsky, Andrey Mikhailov, Alexander Salnikov, Vlathv  mote monitoring each part of the Network. All obser-

1 Introduction

Yakovlev ; u » ; :
Institute of Applied Astronomy of RAS, 10, Kutuzova emb"vatorles of the Network Qua_sar were equipped with
191187 Saint Petersburg, Russia UNIX servers for data buffering. Now the observato-
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, IAA Control and Processing Data, Registration on Mark5B Data buffering at 3 Simultaneous
) ' Center 256 Mbps —>|  "at 3 observatories observatorie data transfer
Mark5B Disk2Net 1 Saint-Petersburg over Fiber
Tomnd —— St
| 1 | AUT Secondary Correlation and Simultaneous data transfer inthe | servers fromga
: Buffer Server | | ! Buffer Server Mark5B processing post-processing CPC to 2 Mark5B playbacks{*] observatories
: LAN 1GhE Dell2950PE ———> o IIZSQVSOPE ——| Playback
: P e . .
: P Fig. 2 Algorithm for data transfer in the e-VLBI mode from ob-
: w—l ‘ servatories of the “Quasar” Network.
Observatory Buffer Server Mark5B
' “Svetloe” zc ——| Playback
777777777777777777777777777777777777 Dell2950PE
Observatory ! . . .
“Zelenchukskaya' | | ‘ 1. Module that writes session scans to the buffering
B Buffer S .
Observatoy ] o pg | Marke server at a observatory:
“Badary” | . . .
Dell2950PE - software module that provides synchronization

Iy

Correlator ‘

FS — Field System

— Fiber Channel

Fig. 1 Block-scheme of data transferring within e-VLBI mode
with buffering: Mark 5B — LAN — Buffering Server — the Inter-
net — Buffering Server — LAN — Mark 5B — Correlator.

ries Badary, Zelenchukskaya and Svetloe have com-
munication channels ‘last mile’ at 1 GbE and via the.
Internet at 100 Mbps rate. Intensive sessions for de-
termining the Universal Time in e-VLBI mode in net-
work “Quasar” on baselines “Svetloe” — “Badary” and
“Zelenchukskaya” —“Badary” observatories have been
started in 2009 year. The Block-scheme of data trans-
ferring from three observatories within e-VLBI mode
with buffering is presented on Fig. 1

3 Algorithm for data transfer in the e-VLBI
mode

In the first phase a very simple algorithm (Fig. 2) w
implemented — all actions were carried out sequen-
tially. The data had been copied to buffering servers
observatories after the whole session, and then it h
been transferred to the buffering server in the Contro
and Processing Center (CPC).
The second phase of the e-VLBI algorithm realization
has provided:
- copying of all the scans to buffering servers in the

in

observatories during pauses between session sc%n
- simultaneous data transfer to the buffering server

of data transfer with observation session sched-
ule. It is integrated with software that is in-
stalled on the radio telescope control computer
(Field System computer);

- software module installed on the buffering
server at observatory that receives data from the
Mark 5B. It is developed on the basis of stan-
dard utility Net2File.

Module that transfers data between observatories

and the CPC:

- control module provides startup, control and
logging information about the session;

- data transfer module. It consists of two parts
that are launched on the buffering servers at ob-
servatory and at the CPC respectively. Buffering
servers are combined into a “logical pair”. They
interact with each other and the control module;

- operator interface that displays information
about the current session, list of participat-
ing stations, transferring and already received
scans, errors etc.

Due to its modular design, the data transfer system can
age easily extended by adding a new “logical pair” (Ob-
servatory — CPC), installing necessary software on the
new servers and adding corresponding information to
the configuration files.

Automated data transfer system runs under the

Linux operating system, is developed using Python lan-
guage and uses Tsunami-UDP network protocol.

Within these experiments observation data

recorded by Mark 5B terminal are transferred to the
usffer server during time interval when an antenna

ointed from one source to another. This procedure

at the CPC as it becomes available from the thrg(ﬁ . LT
L . . allows us to reduce total time of obtaining final result
observatories in parallel with observations.

by 30 % (Fig. 3). Implementation of these actions
Automated data transfer software includes the follovhas reduced the total time of transfer data to 2 hours.
ing components: The next step for increasing efficiency in obtaining
AUT is the integrated automation of the entire process
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Time, min

Date

Fig. 3 Total time transfer data of intensive session from 2 obser-
vatories (“Badary” — dark grey color and “Zelenchukskaya’ —
light grey color) with automation process transfer to theCCP
buffering servers. (Number of scans is top.)

of data transfer and processing, from registration to
correlation. In particular, copying data to the playback
terminal as they occur on the server at the CPC and
alternating copy and correlation processes. In this case,
time from the beginning of the session to obtaining the
AUT is a little more than two hours.

4 Our Nearest Future

We plan to develop an algorithm to automate the over-
all data transfer process from Mark 5B recorders on
observatories to the Control and Processing Center. By
the end of 2011 the Quasar Network observatories and
the Control and Processing Center of IAA RAS will
be supplied VLBI data transfer rates of at least 1 Gbps
from all observatories.
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Recent Developments at the Joint Institute for VLBI in Europ e
(JIVE)

S. Mihle, R. M. Campbell, A. Szomoru

Abstract After an overview of the European VLBI the 305-m telescope in Arecibo (Puerto Rico), a station
Network (EVN), including new stations and upgradeis Hartebeesthoek (South Africa) and two Chinese
at existing stations, and of the core services that JI\&ations (for a complete list of EVN stations and

provides, the status and capabilites of the correlatdieir telescopes, please referwaw. evl bi . or g).

at JIVE are reviewed. The transition phase from thehe three 32-m telescopes from the Russian VLBI
Mark IV hardware correlator to the locally developedetwork KVASAR at Svetloe, Zelenchukskaya and

software FX correlator (SFXC) has now reached thgadary participated in EVN experiments for the first

point where the first user experiments correlated on ttime in October 2009 and are now fully integrated

SFXC have been distributed. As of March 2011, motiato the network as EVN member stations. In China,

than 100 science observations have been carried auhew 64-m telescope is being built at Shanghai
with real-time e-VLBI and this observing mode nowstation and the telescopes at Kunming and Miyun have
adds considerably to the overall available EVN neparticipated in an EVN experiment in August 2009.

work hours. Ftp fringe tests, performed at the begifhe station at Kunming recently acquired a Mark IV

ning of each EVN observing block have helped to inrecorder and plans to extend its suite of receivers.
prove the performance of the EVN during the user edn Sardinia, the Sardinia Radio Telescope (SRT), a

periments. 64-m dish that is to be equipped with a full suite of
receivers from P-band to W-band, is currently under
construction.

Keywords European VLBI Network (EVN), Joint In-

stitute for VLBI in Europe (JIVE), correlators, e-VLBI,  The Joint Institute for VLBI in Europe (JIVE) is lo-

ftp fringe-test cated in Dwingeloo, the Netherlands. Its core services
comprise the correlation of EVN and global VLBI data
— including infrastructure, logistics and quality assur-
ance — user support and the support and development
of the EVN. Besides hardware and software mainte-
nance and development in connection with its oper-
The European VLBI Network (EVN) is a network ofational tasks, JIVE hosts the EVN data archive, con-
radio telescopes that conducts VLBI observations f@f,cts real-time e-VLBI correlations and performs tests

astronomical research. Its was established in 1980 Ry the verification and development of the network.
five major radio astronomy institutes in Europe and the

(then) Geodetic Department of the University of Bonn,
and has grown significantly ever since. Besides eleven
telescopes in EU countries, the network today includés Correlators at JIVE

1 Introduction: The EVN and JIVE

S. Milhle, R.M. Campbell, A. Szomoru
Joint Institute for VLBI in Europe, Postbus 2, 7990 AA
Dwingeloo, The Netherlands

With sixteen station units and the same number of
Mark5A or Mark5B playback units, the Mark IV hard-
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Fig. 1 The control station in the JIVE correlator room. The climatatrolled row of racks in the background houses sixteerkb¥ar
or Mark5B units with corresponding stations units as wellessoftware FX correlator (central racks).

ware correlator is still at the heart of operations at JIVE | Nsta[Nsb| Npot| Nirg comments
(s. Fig. 1). Processing 1-bit or 2-bit sampled data with | 58| 1 | 1 2048 acommon spectral-line mode
observed rates of up to 1024Mbit per second, the cor- | oo 1| 4 |312| all polarization products

P . P ! ! . 9-16 1 | 1 | 512|spectral-line with more stations
relator can offer full-Stokes polarization output, anin-  |g9.1g 1 | 2 [512| with recirc. (8 MHz filters)
tegration time as low as an eighth of a second and/orup |9-16 1 | 2 |204g with recirc. (2 MHz filters)
to 2048 frequency points per subband and polarization. [9-16 8 | 4 | 16 | acommon continuum modg

Experiments with more than 16 stations can be accomwle 1 Example configurations of the Mark IV correlator.

modated through multiple correlation passes and mul-

tiple MERLIN outstations recorded on one disk pack

can be treated as separate EVN antennas. The corr@laere Ny = (4,8,12,16) is the number of stations,

tor also supports real-time e-VLBI operations as wepy, the number of subbands\po = (1,2,4) the

as special modes like oversampling and recirculatiofumber of polarisationsyq < 2048 the number of

The processed data that can be downloaded from #agquency points, an®& < 16 MHz/BWs, the recircu-

EVN archive along with diagnostic plots and the prodation factor (BWy, = bandwidth of a subband), with

ucts of an automated data reduction are in the uséfie additional constraints thaky, - Npol < 16 and the

friendly IDI-FITS format. minimum integration time;f; < R-1/8sec. Table 1
The correlator can be configured in many differenists a few examples of popular configurations of the

modes, depending on the aims of each experiment. Tiagirk IV correlator. Table 2 gives an overview of the

total correlator capacity is given by achievable velocity resolution for frequently observed

spectral lines corresponding to 2048 frequency points
NZa- Nsb- Npor - Nirg < 131072 R per subband.
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Total evVLBI throughput
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Fig. 2 Data throughput of the e-VLBI run on 9-12 March 2011. The dateam of each participating station is color-coded

BWsp| AV |AV1420{AV1665[AVeses| AV22235 3 Applications: Real-time e-VLBI

DA G | @6 ]| 6

16 |7813 1651 1408 351 | 105 _ . _

2 |977| 206 | 176 | 44 | 13 For astronomical research projects that require urgent
05(244| 52 | 44 | 11 | 33 observations on short notice, a rapid turn-around from

Table 2 The maximal velocity resolution of the Mark IV corre-Observations to results or a denser time-sampling

lator for frequently observed spectral lines. Columns:bi@nd- than the regular EVN observing sessions that are

Nirg = 2048, (3) — (6) velocity resolution in m/s for the HI (3), . :

Olj (4), methanol (5) and water (6) spectral lines at the feegu offers  real-time _e-V,LBI operatlons. For example,

cies given in MHz in the index. flares of X-ray binaries or just-exploded supernovae
need to be observed as soon as their transient status

is known, while monitoring campaigns, e.g. of bi-

JIVE now also operates a locally developed sofffa"y stars qt specific or.bital phases, require frequent
ware FX correlator (SFXC) that takes the same inp{gh-resolution observations. e-VLBI runs are usually
as the MarkIV correlator and offers a much widef#-10Ur observing periods on fixed dates, for which
range of correlation configurations, because the SF!IEE ¢an be requested by submitting a proposal of the
has essentially no hard limit for the number of fre§CIentIfIC project before the regular deadlines on 1
quency points or the integration time. Its special mod&€Pruary, 1 June and 1 October of each year. Thanks to
include the correlation of multiple phase centers ifne development of the EVN network in recent years
parallel and pulsar gating/pulsar binning. The softwatg'der the auspices of the EXPReS project, almost all
has been used for ftp fringe tests since 2007 and foV'N stations now have dedicated high-speed network
user experiments since 2010. The SFXC currently rufi@nnections to the Mark IV correlator at JIVE that
on a dedicated 16-node, 128-core cluster, which allofiable sustained observations and real-time correlation
real-time processing of data from 9 stations recorg¥jth @ data rate of 1024 Mbit per second from each
at 512 Mbit per second with 1024 frequency pointStation-

This capacity is to be doubled in 2011.
The e-VLBI run on 9-12 March 2011 set a new

record with real-time e-VLBI observations running al-
most continuously for 64.5 hours. Fig. 8 shows the total
e-VLBI throughput, i.e. the amount of data streaming
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into the correlator at JIVE, as a function of time. Aliments done by e-VLBI has grown considerably along
most all participating stations sent 1024 Mbit of dataith the increased capabilities of this mode of opera-
per second, adding up to a sustained influx of 7.5 Ghibns. In 2010, real-time e-VLBI comprised about 30%
per second and a peak data rate of 8.82 Ghit per sefthe total EVN network hours.

ond. Lower data rates were chosen during setup times

and tests. For example, the low data rates during the
first hours of the observing run correspond to the clocﬁ—
searching phase, where the restriction of the correlation
to one subband allows for wider delay search windows.
The only major problem during this run was the loss dfor the three-week sessions of disk-based EVN and

the data stream from Onsala due to a power outagengal VLBI observations that take place three times
Hamburg on early Friday morning. a year, the user experiments are grouped into blocks

according to the receiver(s) requested. At the begin-
ning of each block, i.e. after each change of receivers,
a few hours are dedicated to network monitoring
experiments to ensure that all stations perform at their
optimum and to carry out tests in the development
of new observing modes or for the inclusion of new
stations or new hardware. The most important part
of this technical time are the ftp fringe tests. The

Applications: FTP Fringe Tests

EVN network hours (user experiments)

1000

800

600

Hours

400 Total network hours feature autoftp in sched leads to a small part of a
el el scan being written to a file instead of to the disk-pack
0 and sent by ftp to a specified location. During an ftp

o fringe test, the data designated for the test are sent
2004 2005 2006 2007 2008 2009 2010 to JIVE, where they are correlated in near real-time
veer on the software FX correlator. The large number of

Fig. 3 Overview of the EVN network hours spent on disk-baseg‘Utomatlca”y F’roquced dlagngstlc plots and numerical
and on e-VLBI observations. While the disk-based obsesmati '€Sults from fringing are provided on a webpage that
are limited to three times three weeks per year, the timedialer iS publically available shortly after the termination
time e-VLBI observations has grown continuously. of the correlation and allows a quick and thorough
inspection of the performance of each station (see

To date (March 2011), 113 science observatioffg ev! bi .org/tog/ ftp-fringes/ftp.htm). Fig.
have been carried out, including observations triggerddShoWs the uppermost part of a webpage generated

by transient phenomena (“triggered proposals”), efuring the network monitoring experiment at C-band

ploratory observations (“short proposals”) and obse@5 cm) on 1 March 2011. At one glance, the table

vations of transient objects of very high priority (utar_allows the stations to check the status of each of their

get of opportunity proposals”) that are scheduled gg_aseband channels — a green field in_dicates thgt a
soon as sufficient resources (stations) become avdfinge has been found with a good signal-to-noise
able. Fig. 3 shows the number of EVN network hourdtio, whereas red signifies no fringe or a fringe with a
dedicated to user experiments over the last seven yedf¥/ Signal-to-noise ratio. In Fig. 4, the two red fields
Except for a small dip in 2006, when many project2" .the baseline betvyeen Eﬁglsberg and Medicina
were postponed at the request of their principal if?dicate a problem with the video converter #02 at
vestigators because Effelsberg could not participate Yigdicina. The values shown in blue are links to
the observations in session 3 of that year, the numidPts Of the autocorrelation amplitudes or to plots of
of network hours spent on disk-based observations f8€ fringes, amplitudes and phases of the baselines.
mains at a constant level, a consequence of the fixee Signal-to-noise ratios and the sampler statistics
time allocation for this mode of EVN observations off the 2-bit sampled data listed further down on the
three times three weeks per year. In contrast to thR29€ allow an estimate of the current sensitivity and

the number of network hours dedicated to user exper-
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Wegx file -- Integration time: 4s - Start of the integration: 2011y060d14h13m5Es0ms
Auto correlations | Cross correlations
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Fig. 4 Some results of the C-band ftp fringe test at 5cm in March 2011
attenuation settings of each baseband channel. Framework Programme (FP6) under grant agreement 026642

(EXPReS).

Each network monitoring experiment at the begin-
ning of an observing block includes several ftp fringe
tests, with t_he results of each test. and the URL of _ﬂﬁeferences
corresponding webpage communicated to the stations
vi text chat before the start of the next ft]
teastéTShlgr::piz feg d?)a(tz)lf eﬂlsws it:ltiaonsoto qiiclfly acl?_. M. Campbell, 2011e-VLBI and Other Developments at the

EVN MK IV Data Processor at JI\VEn: 10th EVN Sympo-

dress and fix the diagnosed problems and to iteratively sium Proceedings, PoS(10th EVN Symposium)034,
optimize their setup. By limiting the data transfer to a pos. si ssa. it/ cgi - bi n/ r eader / conf . cgi ?conf i d=125
few seconds of data per test, even stations with a slddvKettenis, A. Keimpema, D. Small, D. Marchal, 20@3VLBI
internet connection can participate and profit from the with the SFXC correlatqrin: proceedings of The 8th Inter-

. . . national e-VLBI Workshop, POS(EXPReS09)045,
ftp fringe tests. Due to the wide variety of setups re- pos. si ssa. i t/cgi - bin/ reader/ conf . cgi 2conti d=82

quested by astronomers and the continuous develgpszomoru, 2011NEXPReSIn: 10th EVN Symposium Pro-
ment of both the EVN and new observing modes, there ceedings, PoS(10th EVN Symposium)035,

are usually a number of problems at various stations pos. sissa.it/cgi-bin/reader/conf.cgi ?confid=125
that are found and fixed during these ftp fringe tests,

leading to a much improved performance of the EVN

during the user experiments.
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Bonn Correlator Status Report

W. Alef, H. Rottmann, A. Bertarini, A. Muskens

Abstract We present the status of the Bonn MPIfR/BK@LBI 2 Correlator usage in 2010
correlator center including a field report on how the MK IV diar

ware correlator was replaced by the DiFX software correlato . . .
P y Up to December 2010, geodetic observations were still €orre

lated with the MK IV hardware correlator. A total of 72 R1s, EU
ROs, T2s and OHIGs were correlated, as well as 44 of the three
station INT3 e-VLBI observations of one hour duration eaidh.
astronomical observations were processed with the DiFk sof
ware correlator. The 27 user experiments were compriseg of u
to 15 stations.

Keywords correlator, software correlator, VLBI, geodetic
VLBI, techniques: interferometric, instrumentation:arferom-
eters

1 Introduction

3 Requirements for DiFX for geodetic
The Max Planck _Instltute for Radio Astronpmy has been oper- correlation
ating five generations of VLBI correlators since 1978 — MKII,
MKII, MK A, MK IV (Whitney et al., 2004) and since about
2007 DiFX. The DIiFX (Distributed FX) correlator (Deller dt,a During the first tests of DiFX for geodesy in 2008 it was found
2007) is the first software correlator used at MPIfR. The firghat certain preconditions and requirements for a switehov
geodetic correlations at Bonn date back to about 1979. from the MK 1V correlator to DiFX had to be fulfilled:

In 1993 MPIfR and BKG signed an MoU to build and op-
erate a MK IV correlator on a 50/50 basis. The MKV correla®
tor was operational at Bonn for astronomy and geodesy betwe®
2000 and 2010. Other common MPIfR/BKG projects were

Phase-cal extraction had to be implemented.

A translation program from the DiFX native output format

to the MK IV correlator data format was needed to allow the
HOPS fringe-fitting software to be used. DiFX had a data

e support of the Mark 5 development at MIT Haystack, path into FITS format only, which requires the AIPS soft-

e upgrading the Mark 5A units at the correlator to Mark 5B ware (Greisen et al., 1990) for data analysis. In the stahdar

e and implementation and test of the DiFX software correlator geodetic analysis with AIPS fringes are searched in each
for geodesy (2008/2009). sub-band (IF) separately which raises the fringe detection

threshold, so that in the geodetic observations a significan
fraction of good detections with low SNR are lost.

e Adetailed comparison between DiFX and MK IV correlated
data was also required. This includes tests with phasexeal e
traction, DiFX data conversion into MK IV-format and sub-
sequent usage of the standard analysis path.

Walter Alef, Helge Rottmann
Max Planck Institute for Radio Astronomy, Auf dem Huigel 69,
D-53121 Bonn, Germany

Alessandra Bertarini, Amo Miiskens 3.1 Phase-cal tone extraction
Rheinische Friedrich-Wilhelms Universitat Bonn, IGG, sNu
sallee 17, D-53115 Bonn, Germany The phase-cal extraction was coded 2009/2010 by F. Jardh (IG

1 MPIfR: Max Planck Institute for Radio Astronomy. BKG: Bun- Uni Bonn), J. Morgan (MPIfR, Curtin), J. Wagner (Metsahovi
desamt fir Kartographie und Geodasie MPIfR), and A. Deller (NRAO) with input from W. Brisken
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(NRAO), W. Alef (MPIfR), and S. Pogrebenko (JIVE). R. Ca-been correlating geodetic observations with DiFX sincdyear
pallo (Haystack) added improvements for VLBI2010 freqyenc2010 so far with good success — none of the analysis centers
setups. The phase-cal algorithm extracts all possiblestaithin  have reported problems with the DiFX data.

each sub-band and accumulates them with the same integratio

time as the data. It has been published in Jaron’s bachedsisth

(2010).

4 DiFX status at Bonn

: DiFX is installed on a HPE cluster which was acquired in
3.2 MKV interface 2008/20009. It consists of 60 nodes with a total of 480 compute
cores. DiFX is executed and controlled on its own head nddle. 6
The format conversion prograch f x2mk4 was written by R. TB of disk space are available in 3 Raid systems mostly far sto
Capallo with improvements added by others. Initial testseweing raw recorded data. The cluster interconnect is realigéud
done inautumn 2010 and at the time of this report very feweissuGigabit Ethernet and 20 Gbit-Infiniband.
remain. Astronomy observations have been correlated with DiFX ex-
clusively since summer 2009. Initially DiFX version 1.5x sva
implemented at Bonn withiusenk5a* which makes data on
disk modules available as read-only file systems. Theseyfle s
3.3 Geodetic testing of DIFX tems were made available to the DiFX correlator via NFS.
In November/December 2010 DiFX 2.0 (trunk version) was
installed and usenk5a was abandoned. The Mark 5 disk mod-
The first geodetic comparison of DiFX correlated data to th§les are accessed now in the so-called native mode developed
same data generated with the the MK 1V correlator was regortgng used by NRAO for the VLBA. With the native mode the
at the 19" EVGA meeting at Bordeaux by Alef et al. (2009) andi4 Mark5 units connected to the cluster become cluster data-
by Tingay et al. (2009). stream nodes and free up to 14 nodes for computations. DiFX

First tests with phase-cal extraction were done by J. Morgang can extract the phase-cal signal and the data can betestpor
during a visit to Bonn. In October 2010 the software delidereig MK IV format.

stable and reasonable results. A DiFX — MKIV comparison of | the following months the geodetic correlation was more

a full geodetic observation was analysed at the IGG, Uniyers streamlined and quality control was built into the data otidin

of Bonn. Other comparisons were done at Haystack. While th@th. Batch processing of the correlation is handled vigptsgr
phase-cal extracted phases agreed well the extractedtadgsli and all Mark 5 related tasks are done with the NRAO Mark 5
were different, a problem which was fixed recently. software.

In order to test the new export path from DiFX native for- During the ensuing period all 14 Mark 5A/B/C units were
matted data to MK IV format, selected single fringe-fits o th upgraded to the latest Conduant Software (SDK 9.1). In amidit
same scans were compared. Special care has to be taken tqi§€operating systems were upgraded to a newer Linux kernel
lect the exact time range of data. For this the standardriatien version, but problems were encountered which forced us to go
time of 2 s at the MKV correlator had to be reduced to 1 s, gsack to the old 2.6.18 kerrfelTo further integrate the Mark 5s
DiFX and MKV use different algorithms to decide the referintg the cluster, both 1 Gb network connections are now tirec
ence time of each accumulation period; for 2 s integratit®s tconnected to the cluster, and all Mark 5s have been included i
reference times could disagree by 1 s. The primary obs@sabihe automatic cluster installation system. Since thenhalely
for geodesy agreed to within the noise. rates of up to 1.5 Gbps can be achieved. If more than about 3

Next the R1 observations R1448 and R1456 were compargfhyback units are involved the data rate drops which might b
at the IGG, University of Bonn, with encouraging results, algue to an issue with the 1 Gbit switch used.

though it was noted that fewer good detections had been-deliv
ered by DiFX. This was due to a scaling problem of the inter-
ferometer amplitudes idi f x2nk4 which was fixed sometime
later. 5
An independent investigation was carried out by L. Petrov.
It has been published on his web pagele analysed R1456,
R1457 and R1459 with his analysis software PIMA which reads December 2010 the MK IV correlator broke and could not be
FITS formatted DiFX data. Phase-cal could not be applietiat trepaired with a passable effort. Geodetic correlation ladet
time of his investigations. He found that the differencesatthe switched over to DiFX within less than a week. With a major
level of 1o. In addition he found two bugs and one omission ieffort at the Bonn correlator the R1 and INT3 observationddo
DiFX.
Other comparisons of DiFX with MKIV were done by 3 High Performance Computing
Haystack, USNO, J. Morgan and possibly others. NRAO hdshttp://fusemk5a.sourceforge.net/

5 The Linux distribution was changed also from Debian to Cen-
2 http://astrogeo.org/petrov/discussion/coamp/ tOS.

DiFX geodetic correlation
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be delivered to the analysis centers although with someyslela  Several pulsar observations have been correlated already u
Since early 2011 geodetic correlation has become routitteeat ing pulsar gating which was never implemented in the MK IV

Bonn correlator. correlator. Most pulsar observations were scheduled fop-as
The DiFX correlator has a number of advantages over thmeetric purposes, some of them in phase-reference mappidg mo
MKIV: because the pulsars were too weak for a detection in the-coher

e Creation of the correlator control files is much simpler angnce time of the VLB interferometer.
- mp Millimetre-VLBI observations with the GMVA (Global
faster. It takes now about 20 minutes per geodetic obser\ﬁ- . - .
m-VLBI Array) which previously required up to four corre-

tion. . K . .
. . lation passes with the MK IV correlator are now done in a €ngl
e The wall-clock time for the correlation proper has shrunk : . -
ass, in less than the duration of the observations.

from about 30 hours for a 24 hour observation with 6 statlorPs - .
. . . For the future we are planning to look at the transient detec-
to less than 5 hours if the correlation runs without problem . . )
jon mode of the DiFX correlator. Transient phenomena which

:nlz &rsz‘fggi)llitl)llrgi‘ttet?e?\)Ile:rhke;l]?i(t?um playback data rat(E)roduce sufficient radio flux can be detected in the datarssea

e Data from any variety of Mark 5 system (A/B) can be playetg)f ea.Ch Stat'.on On.the fly dunng correlation. This could léad
. . very interesting science that might get extracted from tatze
back on any unit at the correlator, as the data is sent throu . . ) .
- orrelated nearly for free. NRAO is using this techniqueditbr
the host system (and Ethernet) and not via the Mark 5A/ air production correlation alread
I/O cards. This is a big problem at MK IV correlators! P Y-
e All modules are checked in a Mark 5 unit at arrival at the
correlator. In this process each scan is opened and thesdata i
checked. A detailed directory listing is made and saved and .
serves as input to the correlator control files. This allows t/ Conclusions
detect problems with playback early so that the correlation

during the night and weekends is less prone to failures.  the gonn correlator center was the first of the MK IV correlato

For quality control a sufficient number of utilities are dabie, t0 switch over to the DiFX software correlator completeljieT
a|th0ugh further improvements are p|anned. switchover was successful and went fall’ly SmOOtth CorIiIige
Of course the new system still has a number of problemat it had to happen in a hurry and earlier than anticipale.
Most notably the Mark 5 units crash more often than on the-harg@dvantages of the new system like faster correlation, or ule m
ware correlator. This is presently under investigation.efese tipass correlation are real benefits. On the downside aneetbe
problem is also that missing tracks will lead to the loss of afor further development work and stability problems of thark
the data which is due to the way the data decoding routines a#&nits.
written. At present the data is “fixed” with an offline program
which replaces the broken track with a neighbouring onehSuc
problem is fortunately rare but causes delays in correlatio
Online diagnostics for failures is not optimal stilland slib  References
be improved. For instance a graphical display would makast e
ier for operators to recognise problems. Delays in the tirre .
tion are also caused by Mark 5 units which don't “close” théN' Alef, H Rottmann, D.A. Graham, A. Miskens, J. Morgan,
files which are being read for correlation. A few months ago a S.J. Tingay, A.T. Deller _MPIfR/BKG correlator report. In,
workaround was implemented. Proc. 19th EVG.A Working Meeting, eds. G. Bourda, P.
NRAO have integrated into DiFX their own commercial data Charlot & A. Collioud, Bordeaux France, 24-25 Mars 2009,
base which is also used for the global “track”-ing of moduiips 74-78.

ments. MPIfR will instead implement a MySQL data base. I'?"T' Dellecr:, S. \I] Tlngay\,/M. EallesB& C'l.WGISt’ DleX: A SOE'
should hold all experiment control files, disk modules, steel ware Lorre ator for Very ong Baseline nterierometry Us-
cations, logs, clocks, archiving info, etc. ing Multiprocessor Computing Environments PASP, 2007,

To ease the work of the operators the GUI which NRAO has 119, 318-336

developed needs to be adapted to the typical operation modézawj Greisen, G. Long_o & G. Sedmak (Eds) The Astrpnom-
Bonn and other correlators. ical Image Processing System. Acquisition, Processing and

Archiving of Astronomical Images, 1990, 125-142
S. J. Tingay, W. Alef, D.A. Graham, A.T. Deller, 2009. Geode-
tic VLBI correlation in software. |. Feasibility of using ¢h
. Lo DiFX software correlator for geodetic VLBIJ. Geodes,
6 DiFX highlights at Bonn 2009, 83 (11), 1061-1069. g y
A.R. Whitney, R. Cappallo, W. Aldrich, B. Anderson, A. Bos,
The new capabilities of DIFX lead to new possibilities foi-sc ~ J- Casse, J. Goodman, S. Parsley, S. Pogrebenko, R. Schilizz
entists. Outstanding was the correlation of a VLBA obséovat & D. Smythe. Mark 4 VLBI correlator: Architecture and
where 97 positions in the field of view of the 25m VLBA anten-  algorithms Radio Science, 2004, 39, 1007-+
nas were processed in one correlation run. The executiom tim
was only about a factor of two longer than for a single positio



First steps of processing VLBI data of space probes with VieV S

L. Plank, J. Béhm, H. Schuh

Abstract The Vienna VLBI Software (VieVS) will be extended tend to upgrade VieVS for the possibility of processing VLBI
by a VLBI tracking module, which is capable to process VLBLracking data of transmitters within the solar system. Oairm
data received from transmitters within the solar systemg, efocus is the delay modelling of moving sources at finite diséa
space probes. Up to now, the processing has been realizeebfor and its implementation in VieVS. The important tasks of
mission Scenal’ios, first for same-beam differential VLBtada a. Specifying the System Conﬁguration in terms of S|gnabtyp
from the Japanese lunar mission SELENE, and second fortrack  gnd observation mode (single source vs. differential) ds we
ing GNSS satellites with VLBI antennas. In the case of SELENE  gg

first results are comparable to those published by the nmissip. observation and correlation

team but do not match the expected accuracy yet. For the sajgl
lite tracking, the effects of clock drift and tropospherdagte on
the determined satellite position were determined by using
ulated observations.

|e not treated in this contribution. In the following we seat
work we have done for two mission scenarios so far, describe
the computation of the theoretical delay in VieVS, show some
results, and present our ideas for future work.

Keywords VieVS, VLBI for space applications

2 VLBI for space applications

1 Introduction Speaking oBpacecraft VLBIit is meant that VLBI observations
to sources other than far distant quasars are performegaths

. signals from space probes, e.g. interplanetary spacgccafes-
The Vienna VLBI Software (VieVS, Bohm etal,, 2011) has beeﬂ | bodies’ orbiters, or Earth satellites are observede Buthe

developed by the VLBI group at the Institute of Geodesy and™. ™ -
P . y 9 ) P . ) y_ inite distance between the antenna and the transmittensti
Geophysics (IGG) of the Vienna University of Technologycgin . .
. ) . ssumptions of a plane wave front and stable sources over tim
2008. It is capable to process and simulate geodetic VLB dal . -
. . are not valid any more. As shown in figure 1, the source vec-
(Nilsson et al., 2011), perform a so-called global solu{{Spi-
. torsk; andk, from antenna 1 and antenna 2 are not parallel and
cakova et al., 2011), and to schedule VLBI observations ¢er a . ;
the curvature of the wave front must be included in the delay
tual and future antenna networks (Sun et al., 2011).

model. Another difficulty is the determination of the locatiof

VLBI has been used for spacecraft navigation for more th . - .
40 years (e.g., Thornton and Border, 2003). In recent yders ifﬂe space prob8G, at the time of signal emissidg, when the

interest in VLBI for space applications has strongly insezh probe S moving .W'th the velocity vegtmsc_ during '_[he s!gnal
. . . . travel time. This is accounted for by iterating the light éirmc-
coming along with dedicated programs by the big space agecndrdin to:
cies (e.g. ESA, NASA, JAXA): several new space missions us- gto:
ing various methods of VLBI for tracking assistance havenbee ) . SGo—Stly;
recently proposed. With the goal of the geodetic usage dif suc to(i +1) =to(i) = = — Tgrav @
mission data, primarily concerning frame ties between the d ] o ] ] )
namic reference frame of a space probe and the kinematicalljus: the time of emissioty can be determined iteratively by

defined International Celestial Reference Frame (ICRF)inwe Subtraction of the signal travel time between the sourcetaed
antenna from the time of signal reception at antenng The

) travel light time is obtained by the distance between theepa
Lucia Plank, Johannes Bohm, and Harald Schuh craft at the time of signal emissid®G, and the position of an-
Vienna University of Technology, IGG, GuBhausstrae 27-2fnna 1 at the time of signal receptisti,,, divided by the speed
1040 Vienna, Austria of light ¢. Tqray is the gravitational bending effect on the sig-
E-mail: lucia.plank@tuwien.ac.at nal ray path due to gravitating bodies like the Sun, Moon, and
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* Main orbiter
g (Kaguya)

Earth
Fig. 1 Concept of spacecraft VLBI. Fig. 2 Same-beam D-VLBI observations within the SELENE
mission.
planets. If we setp(1) toty, the iteration converges very rapidly.
Special care when modelling spacecraft delays has to be take AT = Trstar— Tystar = )
the choice of coordinate and time systems and the correw-tra [(St2 — Rstar — (StL — Rstan]

formation and relativistic scaling between them. — [(S2— Vstar) — (St — Vstar)]

In VieVS, the delay model for sources at finite distance ac-
cording to Sekido and Fukushima (2006) was implemented, in-
3 Differential VLBI (D-VLBI) for SELENE cluding the light time iteration (eq. 1) and accounting fbet
curvature of the wave front by using the so-called pseudecdir
tion vectork, representing the geometric mean of the directions

First steps into processing spacecraft VLBI data in VieV3ewve Ei from station i to the Sourc8C

done with data from the Japanese lunar mission SELENE (S
Lenological and ENgineering Explorer, e.g., Kato et alQ&0 K — Ri(t1) +Ra(t1) 3)
DeS|gr_1ed for |mprovepl determination of the lunar grawtydt!e " Ru(ty) +Ro(ty)

especially on the far side of the Moon, one of the key techesqu

to improve the stability of the orbital parameters was thtegi  For our investigations, the RISE group from the National As-
ential VLBI (D-VLBI) method. SELENE consists of three or-tronomical Observatory of Japan (NAOJ) in Mizusawa progide
biters, the main orbiter in a circular orbit and two sub-Bisés S-band same-beam data from October 19, 2008, 17-19 UT. At
Rstar and Vstar which were used to relay a signal to the mdifat time the four antennas Mizusawa, Iriki, Ishigaki, anga©
orbiter above the far side of the Moon. Rstar and Vstar wef@wara of the Japanese VERA network were observing the two
transmitting S- and X-Band signals that could be observed ftb-satellites, giving us a maximum of 6 baselines at a time.
same-beam D-VLBI mode by VLBI antennas on Earth (figurfigure 3 we show the residualsTonserved— A Tcomputed Plotted

2). By differencing the single delays from Rstar and Vstaangn ~ Separately per baseline. Though the nominal accuracy @ing-b
error sources like station displacements, clock errorsrop- data is 1 mm Kikuchi et al. (2009), the residuals are about one
agation delays due to the atmosphere are mostly cancelted qider of magnitude bigger. Nevertheless, our results agedau
D-VLBI observations can be done in switching or same-beaggreement with those from the RISE group, as e.g. publisiied b
mode. In the first, the antennas alternately observe souacel 1 Goossens et al. (2010).

source 2, in the latter the angular distance between boticesu

is small enough that they can be received within one antenna

beam width. In the case of SELENE, both methods were per-

formed, depending on the satellite constellation. Thembste 4 GNSSVLBI

is the differential phase delayt, which can be extracted from

the observed signals using the multi-frequency techniguegea . .

scribed by Kikuchi et al. (2009). Wit§t— transmitterdenoting " @ S€cond experimentGNSSVLBla completely different ap-

the travel light time calculated by using the positions deanas Proach of VLBI spacecraft tracking is realized. The goalds t

1 and 2 at the time of their signal reception and of spacex:raf?rocess data from the experiment performed by Tornatore and

Rstar and Vstar at the time of signal emission, the obsesvaiia@s (Tomatore et al., 2010). Hereby, GLONASS satellites a
can be written as: tracked with standard geodetic VLBI antennas by obseniieg t

signal that is normally used for GNSS observations. Difiete
the procedure of the previous section, observations aredoow
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Fig. 3 Residuals plotted per baseline of SELENE same-beam Big. 5 Simulated effect of clock drift on the satellite positions;
VLBI data from Oct. 19, 2008. simulated 25 times.
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Fig. 6 Simulated effect of the slant wet delay on the satellite

Fig. 4 GNSSVLBI experiment setup. positions; simulated 25 times.

2.5-10"m2 refractive index structure constant
2,000m effective height of wet troposphere
150mm reference equivalent zenith wet delay
om/s wind velocity in north direction
8m/s wind velocity in east direction

Ch
H
in single source VLBI mode. Due to the fact that the GLONASS wzd,
orbits are provided in a geocentric reference frame, wedéeci Vi
to model the delay in a geocentric system as well, as progmged v,
Klioner (1991, chapter 6). This eases the computation, agym
of the relativistic transformations that were needed in dpe
proach above can then be omitted. As we do not have real obser-
vation data yet, we investigated the effect of non-modetied
pospheric delay and clock drift on the estimated positiothef - corresponding satellite position error in the plane of thsdine.
satellite by simulations. Therefore, we used the modulesiie
of VieVS, which is based on Monte Carlo simulation following AXsar=d®-20,000km 4)
the procedure described by Pany et al. (2011). The simuakatio
were set up for the experiment of August 16, 2010, when tH¥ssuming a clock stability of 11024 within 50 minutes, which
VLBI antennas Medicina (Italy) and Onsala (Sweden) obskrveéan be easily achieved with today’s hydrogen masers, tle¢ sat
three GLONASS satellites (PR11, PR21, PR13). The obserJd€e position error was simulated 25 times. Figure 5 shoves th
tions were performed between 12 and 13:45 UT, in 20 secondecumulating effect of up to.8 metres, when the clock drift
intervals. With only a single baseline observing, thereriyyo is neglected during .8 hours of observations. In figure 6 we
one observable at each measurement epoch. For a start we sé&ifulated the error caused by non-modelled slant wet delays
a very simple model, simulating the variatid® of the param- Simulation of the troposphere was done with the help of tur-
eter @, representing the direction of the pseudo source vectBrlence theory (Nilsson and Haas, 2010), using the parasnete
k (eq. 3) as can be seen in figure 4. By multiplication with agiven in table 1. With about + 2 metres, this effect has the same

approximate satellite height of 20,000 km we can deterntiee torder of magnitude as the clocks.

Z’lrable 1 Simulation parameters for the troposphere.
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5 Summary and outlook

We reported about our activities to use VieVS for modellieg d
lays of spacecraft VLBI. Successful processing was done f

LENE. Additionally, VieVS is ready to process GNSSVLBI
tracking data. Concerning parameterization, a simplenastbn
tool (vie_sim.sc, viesim_gnss) for the two observation setups ex-
ists and can be used for simulations.

tion part. Due to mostly low redundancy, the parameteorati
needs to be reviewed. We need to clarify, which parameters th
measurement setup actually senses, and how to incorpbeate t

best in the modelling. Further, for precise orbit deterrtiorg T

the treatment of the transmitters’ coordinates in VieVS twas
be revised. While currently a set of three-dimensional dsor
nates is created for each measurement epoch, in future v mi
work with orbital arcs or directly estimate the orbital elemts
of the trajectory. Our goal is to continue the work with reaan
surement data from various missions; this will help to \etiéd
and improve the correct implementation of the delay model in
VieVS. Once we achieve better accuracies, we also interakéo t
care of remaining propagation delays in D-VLBI, e.g. by &ppl
ing GNSS derived ionospheric corrections and troposptusic
lays obtained by ray-tracing.
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Near real-time monitoring of UT1 with geodetic VLBI

R. Haas, T. Hobiger, M. Sekido, Y. Koyama, T. Kondo, H. Takiguchi, S. Kurihara, K. Kokado, D. Tanimoto, K. Nozawa, J. Wagner,
J. Ritakari, A. Mujunen, M. Uunila

Abstract We give a short overview on the current status of near
real-time monitoring of UT1 with geodetic VLBI. The use of
real-time data transfer together with automated cor@tadind
data analysis makes it possible to derive final dUT1-resuilis
very low latency. The agreement with IERS CO04 results is en th
level of 30 usec. It is even possible to determine time series of
dUT1 during ongoing 24 h IVS-sessions. The concept is highly
relevant for future VLBI2010 operations.

330°

Keywords near real-time UT1, e-VLBI, VLBI2010

150°

1 Introduction o,

In 2007 the VLBI research groups at Onsala (Sweden),
Metsahovi (Finland), Kashima (Japan) and Tsukuba (Japan)
started the Fennoscandian-Japanese ultra-rapid dUTJdepro
The overall goal of this project is to determine dUT1 with
very low latency using e-VLBI and automated data processing
(Sekido et al., 2008). Figure 1 shows a map with the VLBI stg«y 1 The network of four stations used for the ultra-rapid
tions involved and the long and almost parallel east-weseba 471 -sessions
lines that can be formed.

Different kind of observing sessions were and are performed
in the project. In the beginning during 2007 and 2008, theisoc
was on dedicated 1-baseline intensive-style sessiondatetl goqqjons during standard 1VS-sessions when Tsukuba and On-
about 1 to 1.5 hours. Since 2009 the focus moved to 24 h 108g|, are participating. During these network sessionsaseline
Tsukuba-Onsala is used during 24 hours for dUT1-deternoimat
on one baseline. Additionally, several hour long intensityde
sessions are scheduled and observed when additional otgserv

Rudiger Haas
Chalmers University of Technology, Onsala Space Obsemato,. . . .
Onsala (Sweden) time is available after standard IVS-sessions.

Thomas Hobiger, Mamoru Sekido, Yasuhiro Koyama, Tetsuro The project tried to address the_ effect of dlfferent datasat

. - . . on the dUT1-results and the question of consistency of dUT1-
Kondo, Hiroshi Takiguchi its that det ined simult | | t Ipkral
National Institute of Information and Communications Tech lraeassueliesa are determined simuftaneously on aimost jpara
ogy, Koganei (Japan) . . . - .
Shinobu Kurihara, Kensuke Kokado, Daisuke Tanimoto Figure 2 gives a schematic description of the ultra-rapid

. ) . setup. The Fennoscandian VLBI stations acquire data with
Geospatial Information Authority of Japan, Tsukuba (Jz)parehe I\elark4 data acquisition system. The obser\?ational data a
Kentarou Nozawa )

AES Co. Ltd. Tsukuba (Japan) aller sond the data In ea-tme via optcel ire to the s
Jan Wagner, Jouko Ritakari, Ari Mujunen, Minttu Uunila P ar

Aalto University, Metsahovi Radio Observatory, Metsé(&in- tor station in Japan where the daa are also recorded. The rea
land) time data transfer uses the Tsunami data transfer protbel.
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Japanese VLBI stations acquires data with the VSSP systdm al _59.55,

record on K5-recorders, and transfer the data to the ctorekst

the correlator the Fennoscandian VLBI data are first coadert

from Mark4-format to K5-format, and than correlated witte th —59.6f

Japanese data. The whole process chain is automatized]las w N | |

as the post-processing of the correlation results (Holeget., & _5965!

2010). E ’
s |0 By
3 -59.7t w H ”M H

-59.75¢ M '
Markd Formatter (128/ 256/512Mbps)
= -59.8 : : : :
18:00 00:00 06:00 12:00 18:00

Conversion

SC v Mkd => K5
k i PCEVN
Mark5A/PCEVN

g
K5
Automated: 1r
« Data conversion

+ Correlation Correlation:
« Data analysis K5 software K5/VSSP
Correlator on
PC cluster

Fig. 3 Ultra-rapid 24 h dUT1 during R1.450 on September
27/28, 2010.

the concept was adopted for the standard IVS sessions INT-2
and INT-3. The data transfer for these sessions also uséukoffl
Fig. 2 Schematic description of the setup for ultra-rapid or real-time data transfer, and the INT-2 sessions coeelat
dUT1-sessions. Tsukuba are since 2010 done in ultra-rapid mode.

3 Ultra-rapid 24 h dUT1-sessions
2 Ultra-rapid intensive-style

dUT1-sessions Since 2009 almost all standard 24 h IVS-sessions where both

Onsala and Tsukuba are involved are operated as ultra-sapid

. - . . sions. The sessions include e.g. R1-, RD- and T2-exper8nent

The series of ultra-rapid intensive-style dUT1-sessidstesd oo ational data from Onsala are real-time traresfet

in March 2007. During 2007 and 2008 in total 41 successfuyl

1 hour | . ducted H ¢ ) (2 Oﬁe Tsukuba correlator where the data are converted and-corr
our long sessions were conducted, see e.g. Haas et @)/ ted. Once 35 scans are collected, a data analysis is pedor

The latency of the final dUTl-resuIt_s improved dramatlcall%md dUT1 determined. During the 24 h session the data are an-
from several hours to a couple of minutes after end of obser:

. . . lyzed in a sliding-window-approach. This means that when a
Vatlons' The world record was achlevgd in February 2008 en tE\ew scan comes in the oldest is left out and a new analysis is
baseline Onsala-Tsukuba when the final dUT1-results were

e . . . .
. o . . . perf d. Th It t f dUT1 that
rived within 3.5 minutes after the end of the observing sessi periorme © results IS a lime Series o atis preduc
(Matzusaka et al., 2008).

during the ongoing 1VS-session. The results are availalille w
The comparison to IERS CO4-results show that the ultr

%_ery low latency and the progress of the analysis can be mon-
rapid dUT1 values show the same level of agreement with Cd)fl)rEd on the webpaght t p: // www. spacegeodesy. go.
as the IERS-rapid solutions (about B8ec) (Haas et al., 2010).

j p/ vl bi/dUT1/ .
) ) The dat lyzed i t ti de with two inde-
However, the latency of the ultra-rapid dUT1 results is much © data are analyzed In an auromatic mode wi 0 Inde
lower.

pendent software packages, an automated version of OCCAM,
Unfortunately there were onlv very few simultaneo eand the software C5++ (Hobiger et al., 2010). The results are
. u y Were only very few simu US S€¥ose and do for most cases agree within their formal errors,
sions on almost parallel baselines. The reasons were thasit . . .
o . - - but they are so far not identical. Figure 3 shows as an example
difficult to get telescope time and/or that equipment faitédw-

ever, for one session in July 2007 we found an RMS-agreeméﬁﬁ;gtrgéTg'd 24 h dUT1-results during R1.450 on Septembe

of 1?_‘;“56(.:' ity of th . b d with a data rate of Figure 4 depicts the residuals with respect to the IESR C04
€ majority ol the sessions was observed with a data ra igng values. Shown are the residuals of the INT-series as ana

2.56 Mbps. Only a few session did use 128 or 512 Mbp's, S0 th yzed by BKG, the IVS-R-series as analyzed by BKG, the com-
rigorous assessment of the effect of data rates on the fmedis .+ \\/s_results of the IVS-R-series. and the ultra-ragdch

the dUT1-results was not easy possible. However, therenig so . oo .
o, . ) observations. The agreement expressed in bias and RMS is de-
indication that higher data rates give lower formal errartfee . g ; .
dUT1-results. which miaht indicate a higher precision picted in Figure 5. The ultra-rapid results show a larges bia
“fESUTS, whi 'ght Indl 'gher precision. than the other series and the RMS scatter is on the same level

Since the intensive-style ultra-rapid sessions were sisece .
S as the IVS-INT results. The larger bias is probably due te¢ tha
ful and reduced the latency of the dUT1-results signifigantl 9 P Y
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the observing schedules of standard 24 hour network seaston 30 Bias RMS
not optimized for one-baseline determination of dUT1. Ardeg
dation of the dUT1-results is thus to be expected compared 25
dedicated one-baseline experiments. Furthermore, islidang-
window’ analysis approach probably not the best strategnto 20
alyze the data. A filter-based analysis strategy promisegve 15
more robust results. o o
Q (3]
2 10 2
1S 1S
5007 5
* IVS-INT (BKG)
4001 - IVS-R (BKG) 0
@ + IVS-R (comb)
é 300! ¢ Ultra—rapid e-VLBI -5
E 10— 0
S 200 1 2 3 4 5 1 2 3 4 5
(0]
o 100¢ Fig. 5 Bias (left) and RMS-scatter (right) for the comparison
i ol with IERS CO4. Presented are bias and RMS-scatter for 1
5 — IVS-INT (BKG), 2 — IVS-R (BKG), 3 — IVS-R (IVS com-
—100} bined), 4 — ultra-rapid (OCCAM), 5 — ultra-rapid (C5++).
-200 ‘ : ‘ : : ‘
Augl0 Sepl0 Octl0 Novl0 Decl0 Janll Febll
Fig. 4 Residuals with respect to IERS C04 series. days. Additionally, we want to continue with the 24 h ultesids

and 'long-intensives’.

For the future one can expect that the ultra-rapid concept wi
be well suited for VLBI2010. It is plausible that VLBI201 clou
be operated with distributed correlation. Single basslioeuld
be correlated in near real-time already during the ongoesy s
sions. Complete databases that include all individual llveese
Real-time e-VLBI including near-real-time correlationdagtata  could be merged and complete networks could be analyzelgt part
analysis is possible. Low latency for dUT1-results can balready during or latest directly after the end of an obsergies-
achieved' even within minutes after the end of the obsemati sion. This will allow to determine all EOP in near-real-time
The agreement with C04 on the same level as the IERS rapid
solutions.

Simultaneous observations on almost parallel baselin&?ferences
agree on the order of better than 1:3ec. There is an indi-
cation that higher data rates give reduced formal errori®f tR Haas, M. Sekido, T. Hobiger, T. Kondo, S. Kurihara, D. Tan-
dUT1-results. imoto, K. Kokado, J. Wagner, J. Ritakari, A. Mujunen

The results from ultra-rapid-24h sessions show a larger bi- (2010) Ultra-Rapid DUT1-Observations with E-VLBAr-
ases with respect to C04 than dedicated INT-sessions. This ijficial Satellites 45, 75—79.
is probably due that the 24 hour network schedules are npt yopiger, T. Otsubo, M. Sekido, T. Gotoh, T. Kubooka,
optimized for one-baseline dUT1-determination. The RMS- y Takiguchi (2010) Fully automated VLBI analysis with
agreement with respect to C04 is comparable to standard INT- c54+ for ultra-rapid determination of UTEarth Planets
sessions. The INT-2 and INT-3 series have thus adopted the gpacess5(2) 75-79.
ultra-rapid approach, respectively e-transfer, to ahiew la- T, Hopiger (2011) personal communication.
tency dUT1-results. This is important since low latency@sn g | yzum, A. Nothnagel (2010) Improved UT1 predic-
shown to improve dUT1-predictions considerably (Luzum and  tions through low-latency VLBI observationspurnal of

4 Summary and outlook

Nothnagel, 2010). _ _ Geodesydoi: 10.1007/s00190-010-0372-8.
The sliding-window analysis approach of the ultra-rapich24 g Matsuzaka, H. Shigematsu, S. Kurihara, M. Machida,
dUT1-sessions is not ideal. A filter-based analysis styaitegn- K. Kokado, D. Tanimoto (2008) Ultra Rapid UT1 Exper-

der development (Hobiger, 2011). The results from the tWb SO jment with e-VLBI, In: A. Finkelstein, D. Behrend (eds.)
ware packages used for the automated data analysis do Bet agr pyoc. 5th IVS General Meeting8-71.

completely, but for most of the cases within the formal esrdtr 1 sekido, H. Takiguchi, Y. Koyama, T. Kondo, R. Haas, J. Wag-
appears that a unified analysis strategy is necessary amshtiyr ner, J. Ritakari, S. Kurihara, K. Kokado (2008) Ultra-rapid

the IVS Task Force for Intensives is working on this topic. UT1 measurements by e-VLBEarth Planets and Space,
The plans for 2011 are to perform the complete CONT11in g 865-870.

a ultra-rapid mode and to determine dUT1 continuously for 15



VLBI2010 - Current status of the TWIN radio telescope projec tat

Wettzell, Germany

A. Neidhardt, G. Kronschnabl, T. Kligel, H. Hase, K. Pausch, W. Gdldi, VLBI team Wettzell

Abstract The Twin radio Telescope Wettzell (TTW) is a projectl Introduction
of the Bundesamt f'ur Kartographie und Geod"asie (BKG, Fed-
eral Agency for Cartography and Geodesy) for the period (5

2008 to 2011. The design of the TTW is based on the concegp the bas_ls of the requnrem_ents for geodgtlc radio_tele-
of an VLBI2010 Working Group of the International VLBI Ser- copes, published by the International VLBI Service form
nd Astrometry (IVS), the Bundesamt fir Kartographie und

vice for _Geodesy and Astrometry (VS). The TTW con§|sts O%eodasie (BKG, Federal Agency for Cartography and Gegdesy
two equivalent fast moving, broadband radio telescopesngu has launched the TWIN project at Wettzell (Hase et. al., 2009
%ithin this two rapidly moving radio telescopes are builhioh

simulations to meet the technical specifications neededhor . - e . .
VLBI2010 concept. For the construction of the radio telgsso will be equipped with a broadband receiving system inclgdin
. the two geodetic used frequency bands S and X. Both tele-

at the Geodetic Observatory Wettzell a thorough soil aiglys . . .
Y 9 Y opes have been designed for continuous operations over 24

was made in order to define the most suitable locations. Sin%%urs 7 davs per week. As arrav both telescones can be addi
2009 the construction work is ongoing and close to its end. G] ys P ’ Y p

; vely interconnected, so that the effective receivingae cor-
parallel several acceptance tests of different telescaps pad . .
. . responds approximately to that of the current 20m radio- tele
been conducted, e.g. azimuth bearings. Therefore theroonst

g . . . . scope at the Wettzell observatory. The radial symmetriecefl
tionis on time. For the last project year the design of theikex .

- ; ; tor concept combines the advantages of a dual offset antaana
parts need to be finished and their construction, assemldy gn . . .
. - ow noise temperature, with the advantages of a Cassegrain o
installation are on the agenda. . - .

Gregory antenna regarding the mechanical stability, therob

possibility and the weight.

Keywords VLBI2010, TWIN, radio telescope, Wettzell The technical data of the telescopes are:

Diameter of main reflector: 13.2m

L]

e Diameter of sub-reflector: 1.48m

e Ring focus design with f/D = 0.29

e Surface quality of the reflectors: 0.2 mm RMS

e Path length error £ 0.3 mm
A. Neidhardt e Surface quality of the panek 0.065 mm RMS
Forschungseinrichtung Satellitengeodasie, Technidshiser- ¢ ALMA mounting with angular velocities of 12s in azimuth
sitat Miinchen, Geodatisches Observatorium Wettzeltk&n- and 6/s in elevation
rieder Str. 25, D-93444 Bad Kotzting, Germany e Acceleration: Az, El = 3/s”
G. Kronschnabl, T. Kliigel, H. Hase e Ranges of rotation: Azimuth 540Elevation 0-115%
Bundesamt fiir Kartographie und Geodasie, Geodatisbbesr- ©  Balanced reflector mounting _
vatorium Wettzell, Sackenrieder Str. 25, D-93444 Bad Kty ¢  High mechanical quality for gears, motor servos, bearings,
Germany etc.
K. Pausch e 27Bit Encoder: 0.0003resolution
Vertex Antennentechnik GmbH, Baumstr. 46-50, D-47198 Pui® S_ub-_reflector is adjustable using a hexapod
burg, Germany e Lifetime of more than 20 years
K. Pausch

Goal of these new, highend antennas is to support the very

Vertex Antennentechnik GmbH, Baumstr. 46-50, D-47198 Buig,st generation and distribution of the IVS products as e ¢

burg, Germany tinuous and precise UT1 monitoring for the determination of

W_- Goldi ) ) UT1-UTC and the regular evaluation of the InternationaleSel
Mirad Microwave AG, Hofstetstr. 6, CH-9300 Wittenbachyjs| Reference Frame (ICRF). Therefore it is possible to itoon

Switzerland the Earth Orientation Parameter with shorter generatitesya
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which might be a sufficient support of the future Global Geode
tic Observing System (GGOS). In addition the position ofreac
telescope should be quantified with relative positionsebéktan

1 mm per year.

2 Locations of the new telescopes

12.6m

Fig. 2 The ring focus design.

4 Structure optimization

As the TWIN radio telescopes are especially designed fodgeo

=i tic applications it is essential to achieve extremely lowiagons
i— in path length between main reflector, phase center of the fee
==1 v horn and axis intersection of the telescope (a path lengtr er
\ of 0.3 mm was specified!). Elaborate simulations using the Fi
S \ nite Element Method (FEM) were performed by the constructio

— e P company Vertex Antennentechnik GmbH in Duisburg, Germany
4 to achieve a very torsion-resistant and solid supportingtire.

All components from the main reflector to the concrete tower

were optimized for occurring load cases (wind, gravitaiasf-

fects caused by operating weight, thermal insolation,) etc.

Fig. 1 The locations of the new telescopes and drilling core ejuarantee the required stability. The sub-reflector candsé p

amples. tioned with a hexapod for gravity corrections which optiesz

the path length and beam efficiency up to 40 GHz.

To find the ideal location for the two telescopes extensive
soil specimens and geological surveys were done. The gaal wa
to find two Io_cat|ons fc_>r_ the twq telescopes which of_fer theesa 5 Microwave receiving and acquisition
good geological stability as given at the 20m radio telescop
This has an extraordinarily low azimuth axis deviation.¢r t  Systems
tal more than 12 drillings were made to determine the geolog-

'CZI iopnd;gcigs Z{ tt:: r?swhfltt)??h(;i?efft.'olr?'as'peg;?(l) ?::n t?:mthe VLBI2010 concept suggests a broadband receiving system
was t sel '9 clevation axis N®SaWith a total bandwidth of 2 - 14 GHz, with the option to integra
level for an additional system monitoring. A suitable ldoat . . -
was found close to the observatory, which simplifies the cort1he Ka-band (28 - 36 GHz). To realize these ideas new reggivin
nection of the new telescopes according to the local suthey, systems have to be developed, supported by & homogeneous il-

. ; lumination of the main reflector. Helpful is also a stable ggha

infrastructure and the operational tasks. center over the different frequencies and a system noispeeem

ature below 50 K. Two possible feeds are promising to be used

within the TWIN telescopes: a tri-band corrugated horn dred t

. . Elevenfeed (the upcoming Caltech feed design based onitjie or

3 The ring focus design inal Lindgreen feed might also be a possible solution in the f
ture (Akgiray, 2010), which should be investigated, but @& n

The specially designed reflector uses a radial symmetrigles cOmmercially available yet) _

The advantage of this ring focus antenna (see fig. 2) is a reflec E_’KG has_commlssmned_ a tri-band feed _horn (see 3 on the
tion of the rays from the outer main reflector regions into thi€ft Side) thatis able to work in the two geodetic frequenapds
center of the sub-reflector giving a better illuminationtu feed _(S a_nd X band), and also !n_the K_a band (Géldi, 2009). Thesefo
horn. This design is properly suited for broadband feed $orrt Will be possible to participate in all standard VLBI andsal
which need a wider opening angle. Therefore the feed must ledeep space network observations. It also opens a suiastant
positioned close to the sub-reflector. This design offetsonty contribution to the improvement of the ICRF in the Ka band.

a higher efficiency of the dish it also prevents more or lessiff 1€ Elevenfeed (see 3 on the right side) of Prof. Kildal
direct thermal insolation, which supports the cryogenican (Chalmers University, Sweden) presently offers the bestqr-
chamber with the low-noise amplifiers. ditions for the reception of a continuous frequency rang& of

to 14 GHz (Kildal and Yang, 2009). Extensive simulationsvgho
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6 Control and operations

Both telescopes have been designed for continuous opesatio
over 24 hours 7 days per week. Therefore special attentien wa
turned to the control concept and the servo system. All cempo
nents were designed for high availability, precise tragkamd
1000 source observations per day. Continuous geodeticsime
ries with higher accuracy can be generated following thistst
egy. Especially the increased number of sources and efficien
observations within optimized sessions might improve toe t
pospheric corrections. According to this new observatioats-
gies must be developed where the telescopes can operallelpara
on different sources, additive on the same sources or ifesing
Fig. 3 The proposed feed horns: a tri-band coaxial feed and tkglescope mode. It is also possible to maintain the nonatiger
Elevenfeed. telescope while the other is working.

Other new techniques will allow to increase the e-VLBI ses-
sions and to run the observations with remote control or com-

good performance of the feed up to ca. 10 GHz. From 10 - ﬂetely unattended. The new operational building |s design
GHz the performance is slightly lower but also suitable. Thi® allpw such new control ques. It offers possibilities for
ohmic matching of the copper lines and the differential atgp cal fringe test and zero baseline correlators as well asdhe c
pose some problems, where the solutions are on a good W1(:3{20’[ivity and control room to run different sites from there
Cryogenic cooling as well as several special low noise diai This is very important for the operations of the telescopies a

are necessary. Because of the broadband receiving, which cf® Transportable Integrated Geodetic Observatory (TI@0)
ers approximately three octaves, two frequency converees Concepcion, Chile and at the German Antarctic Receivirag St

required. It is also essential to care for reduced systerpeean 19N (GARS) O'Higgins, which are operated by personnelfstuf

tures. The whole receiving system for the first antenna isveho of Wettzell. To reallze_ such remote_ co_ntrol scenarios the e-
in fig. 4. RemoteCtrl software will be used, which is developed by etea

of the observatory (Neidhardt, 2009).

y 7 Conclusions and outlook

MW-Filter

DAQ-System
DEBC, DBE
MKSB, MKSC

Fig. 4 The whole receiving system.

The microwave converter is designed for four 1 GHz wid
frequency bands, which can be recorded using digital dg
recording systems with a better quantization of the sigaats
higher sampling and data rates of 2 Gbit/sec and higher with 2
and 8 bit quantization. Currently the Digital Baseband @oter
(DBBC) from HatLab s.r.l., a spin-off company of the Istiut Fig.5 The new skyline of the Geodetic Observatory Wettzell: in
Nazionale di Astrofisica (INAF), is forced. But also the camp the background are the new TWIN telescopes.

Japanese system ADS3000+ from the National Institute of In-
formation and Communications Technology (NICT) in Kashima
(Takeuchi et. al., 2009) is under acquisition request fartaré The described setup is the first complete and rigorous real-
usage. ization of the visions described in the VLBI2010 proposaie(N
et. al., 2004). Currently the telescopes are in the finaltcoos
tion phase and have already changed the skyline at Wetigell s
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nificantly (see fig. 5). All of the high frequency components a
commissioned and are under construction now. The digiteldr
band acquisition system is under test. The new antennadevill
tested for operations end of the year 2011 and beginning.2012
Colocated with the existing 20m radio telescope, which aan b
used for dedicated research and development sessionsa@fier
pletion of the TWIN, and with the other instruments for space
geodesy at Wettzell the new project is a pathfinder techiyolog
for the new proposed stations within the Global Geodetic Ob-
serving System (GGOS).
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Sensitivity evaluation of two VLBI2010 candidate feeds

C. Beaudoin, B. Whittier

Abstract VLBI2010 ushers in a new generation of geodetis

VLBI observing systems possessing far more bandwidth th:
their predecessors. As such, MIT Haystack Observatory h
been actively involved in the evaluation of broadband nvienee

feeds for the new Patriot Antenna Systems Inc. 12m anterna

stalled at the Goddard Geophysical Astronomical Obseryato

Greenbelt MD, USA. Currently, two antennas proposed assfee

that meet the demanding requirements for VLBI2010 now hay

hardware realizations. The first antenna is the cryogereuesl

design which was developed at Chalmers University of Telehnc

ogy by Per-Simon Kildal and Jian Yang. The second candida

is the QuadRidge Feed Horn(QRFH) developed by Sandy Wei

reb and Ahmed Akgiray at the California Institute of Teclom

and was introduced in December 2010. In this contributibe, t

up-to-date development efforts undertaken at the MIT Hagkst

Observatory are described and sensitivity expectatioaat-

lined.
Fig. 1 Graphic displaying the shadow projected by the subre-
flector incorporated by the Patriot 12m antenna. In this &égar

Keywords VLBI2010, Sensitivity, Feeds 24 cone with apex at the vertex of the subreflector represents

the shadow region, outside of which the radio telescopeesyst

. d is sensitive to signals reflected by the primary reflectderfer-

1 Cryostat construction an ence of this cone with the feed results in blockage losseshwhi

considerations limit the sensitivity of the radio telescope.

SMA/Microwave Connections

The Patriot 12m antenna system incorporates a shapt
Cassegrain optical design as opposed to a traditionalreyisie
corporating parabolic primary and hyperbolic secondafiece
tors. Due to the shaped nature of the antenna optics, shizdlow

is cast by the subreflector in order to minimize losses irclrr
by blockage of the feed as shown in Fig. 1. Furthermore, sini
the Patriot 12m optics were designed specifically for X and K
bands, an approximately-monotonic, frequency-dependemt
traction of the shadow angle is expected below X-band due . 2 Photos of the new broadband cryostat developed for
wavefront diffraction. Given this constraint of the antarsys- the Patriot 12m antenna. The outer diameter of the cryostat i
tem, emphasis was placed on the construction of a compamt crg80mm and the cylindrical length is 420mm.

stat as described in Beaudoin et al. (2010). In short, itipos-
sible to avoid optical blockage of the cryostat with the afor
mentioned shadow angle; however, minimizing the interfeee

Vacuum Window

Vacuum Valve Refrigerator

is in the best interest of maximizing the sensitivity of the a
tenna. Photos of the new broadband cryostat developed dor th
Christopher Beaudoin, Bruce Whittier MIT Haystack ObservaPatriot 12m antenna are shown in Fig. 2 with the cryostaidesi
tory, Westford Massachusetts, USA, 01886 described in Imbriale et. al. (2007).
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Fig. 4 Plot of measured and computed noise temperature re-
sults obtained from a frontend based on the cryogenic 2-13 GH
Eleven antenna and the CRYO1-12 LNA. The differences below
3.5 GHz are believed to be a result of the unmodeled cryastat i
the computations as well as external radio frequency ietence

in the measurements.

Single-Ended 50 Ohm Output for Single Linear Polarization

jency (%)

Feed Effici

Fig. 3 Schematic representation of the balanced combiner n
work currently required to realize the cryogenic 2-13 GH: 3
Eleven antenna as a radio telescope feed.

6
Frequency (GHz)

2 Aperture and noise performance of the Fig. 5 Aperture efficiencies calculated for the Patriot 12m an-

candidate feeds tenna under illumination by the Eleven antenna patternriesst
in Kildal and Yang (2009)

The sensitivity of a radio telescope receiver is determimethe

effective collecting area of the telescope and the nois@éeaa

ture of the frontend. As described in Petrachenko et. abgpo Which was not modeled in the expectation as explained in Yang
the VLBI2010 sensitivity goals for a 12 meter radio teleszopet. al. (2011).

are 50% collecting area efficiency and 50 Kelvin frontendsaoi ~ Aperture(feed) efficiency expectations were computed (see
temperature. These attributes have been evaluated faefrom Kildal, 1985) for the Patriot 12m antenna under illuminatizy

based on the Eleven antenna and the QRFH antenna. the Eleven feed pattern. The aperture efficiency resultsnsho
in Fig. 5 were calculated utilizing the feed patterns déssati

in Kildal and Yang (2009). It is important to note that theaal
2.1 Eleven antenna lations performed to obtain the efficiencies reported in Bigo
not model blockages imposed by the subreflector and supgorti

In January 2010, MIT Haystack observatory conducted Y fact§lTuts. Hence, the efficiencies shown in Fig. 5 are regarsledst

measurements to assess the noise performance of a radio tefge- Not considering the physical antenna blockagese tiéis

scope frontend based on the the Eleven antenna and theh[:alt?e%own in Fig. 4 and Fig. 5 suggest that a frontend based on the

CRYO1-12 LNA. Since the Eleven is a balanced antenna desi@even antenna is well-suited to meet the VLBI2010 serigjtiv
e

a balanced combiner network is necessary for each poliarizat quirements outlined in section 2.

to realize the operation of this antenna as a radio telesieguk

The combiner network shown in shown in Fig. 3 was incorpe? 2 Quadridge Feed Horn antenna

rated and Y-factor measurements were conducted from which

the frontend noise temperature was estimated. Fig. 4 gispla

p|0t Of the noise temperature Comparing the quan““emad In May 2011, Y-faCtOI’ measurements were Conducted ona fron'
from the Y-factor measurements with the theoretical exgient  tend composed of the QRFH and CRYO1-12 LNAs. Since the
calculated as described in Yang et. al. (2011). The agreeimenQRFH is an unbalanced design with one receive port per polar-
excellent from 3.5-10 GHz, however it falters below 3.5 GHZzation, only two LNAs are required to realize this antensaa

The disagreement below 3.5 GHz is believed to be a result @¢@l-linearly polarized radio telescope feed. The noisepts-
Strong RFI in S-band as well as the influence of the Cryosté‘y:ure estimates calculated from the Y-factor measurenamets

shown in Fig. 6.
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Fig. 6 Plot of noise temperature results obtained from Y-fact

frequency interference is also observed in this plot bel@®@Hz.
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inject pre-LNA phase and noise calibration signals intorése
ceiver. It is important to realize that this method of injentwill
increase the frontend noise temperature relative to thatrsin
6. At cryogenic temperature (i.e. 25K), however the inogeias
expected to be 5K but this will need to be demonstrated.

Phase and noise calibration injection via stripline coufde
not easily accommodated by a receiver frontend based on the
Eleven antenna because of the matching requirements ighpose
by the balanced combiner network. Because of this, the most
feasible option for pre-LNA phase and noise calibratiomaig
injection is to radiate these signals into the frontend.sN@ali-

measurements of a frontend based on the QRFH antenna angritlli\aélon Injection by this technique is thought to be quitesfble.

CRYO1-12 LNA on the Patriot 12m antenna. Evidence of radig

owever, the experience at Haystack has shown that great car
must be taken if the phase calibration signal is radiateal tim¢
frontend. The concern is raised because of the extremelk wea
phase calibration signal levels in question (approx. -1Bénj

as well as the possibility for multipath reflections which shu
be stable with antenna pointing and remain at a level of 50 dB
below the direct-coupled signal in order to accurately phes-
ibrate the receiver chain.
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Assessing the Accuracy of Geodetic Measurements for the
VLBI2010 Observing Network

D. MacMillan

Abstract We investigate the expected accuracy of geodetic eshe quasar and the remaining antennas on the other side of the

timates made by the next generation VLBI2010 network. To déarth observe the other quasar. The scheduling softwa@seko

this we simulated the effect of several known input contitms a sequence of source pairs to maximize the uniformity of the

including troposphere turbulence, troposphere mappingtion  sky distribution of sources at each of the antennas. This tfp

error, antenna deformation, and site pressure error. Tdwd#e- schedule can work because the antennas in the network were as

butions propagate to estimates of station coordinates.dBy- ¢ sumed to slew with the same speed. For current networks with

paring estimated values of parameters with known inputeslu mixed types of antennas, this strategy does not work ideEtly

we can evaluate biases that result from mismodeling. 60 observations/hour schedule corresponds to an antetima wi
slew rate of 5 deg/sec in azimuth and 1.2 deg/sec in elevation

Keywords VLBI2010, Reference frames

16 sites

1 Introduction

In previous work, we have investigated the expected pwatisi
of the VLBI2010 observing network (MacMillan, 2006). In shi
studies, we looked at the effects of troposphere, clock naea-
surement noise by performing Monte Carlo simulations. Here.s
we try to answer the question: What is the level of systematic
error for VLBI2010? One of the goals is to generate an error
budget. Here, we consider the following errors: 1) tropesph N
turbulence, 2) clock error, 3) observation noise, 4) hytis 80 240 3000 0 60 120° 180
troposphere mapping function error, 5) antenna gravitatide-
formation, and 6) site pressure error.

o

Fig. 1 Global 16-site simulation network.

Clock delays for each station are modeled as a random walk
plus an integrated random walk corresponding to an Allai var
ance of 1x101* at 50 minutes. A white noise contribution corre-
For these simulations, we used the same 16-station netw@Ronding to the observation uncertainty is added. The wayde
shown in Figure 1 that was used by the VLBI2010 working'ror is based on Kolmogorov turbulence delay modeling. The
group. The observing schedule was a uniform sky schedute wiermTs; refers to systematic errors that are studied in simulations
each antenna observing at 60 observations/hour (T. Seadle dhe observation error model is:

B. Petrachenko, personal communication). The conceptef th O — C = [Myet(€l)Twz + Clkz + Teo] — [Myet(€h)Twa +
uniform sky schedule is that a series of pairs of approxitpateclki + Ts1] -+ Tobs

diametrically opposed quasars is observed during an dbserv

session. For each pair, antennas on one half of Earth observe

3 Modeling Results

2 Simulation description

D. MacMillan, NVI, Inc.,NASA Goddard Space Flight Center, the following sections, we discuss the effect of eachrerro
Greenbelt,MD, 20771 USA source separately on the topocentric site position estisnave
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summarize the results at the end in the error budget shownsulting bias. This level of clock variance is fairly consative in
Table 1. the sense of what we expect to have for the VLBI2010 system.

3.1 Turbulence 3.3 Observation Error

We derived a latitude and site-height dependent model fer tithe nominal precision of the VLBI2010 observable is 4 psec.
troposphere refractive index structure const@pt where we Modeling this as a white noise process in a simulation yields
have averaged over the seasonal variation. We startedhei@t vertical precision of only 0.15 mm and horizontal precisin
and heights computed by T. Nilsson (personal communicptiof.05 mm. The simulation is linear in the sense that if we have a
from a global distribution of high resolution radiosondeslata. 12 psec observable, the site position scatter is tripled.

TheC, increase towards the equator corresponding to increased

troposphere water vapor content. The delay model is basgdeon

Treuhaft-Lanyi Kolmogorov turbulence model. To test thedeio 3.4 Hydrostatic Mapping Function

we ran simulations with the two-week series of CONTO5 data.

Baseline length repeatability scatter from the simulatioms is
reasonably close to observed scatter, overestimatingodereed
scatter by a factor of 1:2 0.4.

The main systematic effect shown in Figure 2 from the tu
bulence error is the increase in vertical scatter from athoutn
at high latitude sites like Ny Alesund to 3 mm near the equat
;I:E;jeufesdofgqres;:zrsle\l/\tl)iltlg}(a?ss r:c;izlﬁ]fshell(%fééc}&i);??np;lefgﬁ WRMS delay error of the hydrostatic VMF1 at a 5 deg elevation
(1435 m), and BAN2 (835 m). The horizontal scatter is 0.5-1. ngle for a globally-distributed set of radiosonde datessitVe

di v ind dent of latitude. Si turbul _'Simulated this error as an error in the a-coefficient of the-co
mm and 1s hearly independent ot fatitude. SINCe tUrbUWERE® | ;.\ oy fraction form of the mapping function. The error rslar

noise process there is essentially no bias produced in tuzge in the derivative of the mapping function with respect to #he

Currently, the best available mapping functions are the YMF
which are based on one-dimensional raytracing of ECMWF
weather model profiles (Bohm et al., 2006a). VMF1 assumes
that the troposphere about a site is azimuthally symmeZom-
cParisons have been made between VMF1 and one-dimensional
rraytracing of radiosonde profile data. Niell (2006) compttes

estimates. coefficient. Similarly, we simulated the bias error of theppiag
function using bias errors from radiosonde delay compasso
4 from Bohm et al. (2006b). The site vertical scatter incesgsom
35 mUp 0.5 mm near the equator to 2 mm at high latitude in Figure 3. Iti
’ W East seen in Figure 4 that vertical bias error has a magnitudergs la
North | as 0.8 mm at high latitude and is positive in the northern hemi

sphere and negative in the southern hemisphere. Thereais als
a systematic bias error of the North component of site positi
This is due to the no-net-translation constraint appliethaso-
lution and the fact that there are more northern hemisplit® s
for the 16-site network. The problem is difficult to avoid base

the land mass in the southern hemisphere is so much lesgthan i

[
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0.5 - the northern hemisphere.
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Fig. 2 Site position (UEN) scatter due to tropospheric turbu- T I (mm) I .
lence, where sites are ordered by increasing latitude gls
(%]
g 1
2
05
3.2 Clock Error
0 l | | | 1§ 0
L 9 2 2 9E g3 2Yy o EES
We modeled the effect of clock error characterized it by an Al €58 EZE - g
lan variance of 1x10'* at 50 minutes. The resulting site verti- g eif ¢ g% g2°5¢

cal scatter is 0.5-0.8 mm and horizontal scatter is only 02 m

There is minimal latitude dependence. There is essentiallg-  F19- 3 Site position (UEN) scatter due to VMF1 mapping func-
tion error, where sites are ordered by latitude.
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Fig. 4 Site position (UEN) bias due to VMF1 mapping functionFig. 6 Site vertical bias error due to gravitational deformation.
bias.

tion of elevation of the 32-meter antennas at Noto and Medici
using a laser scanner to determine the focal point variatesm
3.5 Site Pressure Data restrial survey to measure the receiver position variaioa fi-
nite element modeling to determine the vertex positionagemn.
They used a model for the signal path dependence on elevation
It is essential that pressure be estimated accurately bt®@C c5,5ed by deformation based on the work of Clark and Thom-
To assure this, 1) pressure sensor calibration must beanzeat, sen (1988). The model is linear in the variations of focagten
2) pressure data cannot be missing, and 3) one must accountfQejver position, and vertex position. The effect for Nisttess
sensor height relative to the reference point of the VLBeana. pecause of improvements made to its surface. The models for
To quantify the effect of pressure error, we simulated ttiecef hese antennas were scaled down from 32 m to the 12 m nomi-
of a 10 mbar pressure error. Figure 5 shows that this errsebia 5| diameter of VLBI2010 antennas, assuming that the efect
vertical estimates by 0.15-0.20 mm/mbar for a 5 deg mi”imu'ﬁ)‘roportional to the area of the antenna. Simulation regufg-
elevation cutoff. The error decreases by a factor of about-2 lyre 6 show that the deformation causes a station verticaldia
tween a 5 and 10 deg cutoff. 0.7-1.0 mm.

Table 1 Site Vertical Position Error Budget

0 R R
-0.5 Parameter Bias WRMS
T (mm) (mm)
£ 1 Turbulence <05 13
,5;6 s Hydrostatic mapping 0.5-1.5 0.5-2.0
= Clock error <0.2 0.6
% 2 Gravity deform 0.6-1.0 -
= Obsnoise (4ps) <01 <0.15
2.5 m7.5deg Thermal (mm/C) 0.07 -
10deg Pressure (mm/mb)  0.15-0.25 -
3 Source structure ? ?
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Fig. 5 Site position (UEN) bias due bias error site pressure of 10
mbar.
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The Future Global VLBI2010 Network of the IVS

Hayo Hase, Dirk Behrend, Chopo Ma, William Petrachenko, Harald Schuh, Alan Whitney

Abstract The VLBI2010 concept was developed by the Internal Introduction
tional VLBI Service for Geodesy and Astrometry (IVS) in or-
der to create the next generation VLBI system needed to m

the goals of the Global Geodetic Observing System (GGOS) %r Geodesy and Astrometry (IVS) established the VLBI2010

the International Assouatlor_l_of Geodesy (IAG). Global .meaProject Executive Group (V2PEG) in early 2009 to provide
surement goals of Imm position error and 0.1mm/year site ve-

locity error require new radio telescope designs, new VLI r strategic leadership to the VLBI2010 project and guide the-t

o . . sition from the VLBI2010 development phase to the VLBI2010
ceiving and recording systems, new concepts for data trignsm

sion and correlation, as well as updated software for Sdhedlmplementatlon phase. VZPEG.'S also th_e primary point (.)F con
: A - ct for VLBI2010-related questions from institutionstthee in-
ing, data analysis, and archiving. In December 2010, the | . - -
’ . terested either to upgrade existing VLBI operations to V2®IO
VLBI2010 Project Executive Group (V2PEG) conducted a Sur'om atibility or to build new compatible systems. The V2PEG
vey among existing IVS network stations to measure awar%— P yor. . P Y '
o as also been involved at different levels to help expedite a
ness of VLBI2010 and to learn about modernization plans to-.”. ; )
) . S ministrative processes concerning the setup of VLBI20Hbora
wards VLBI2010; the results of this survey indicate that huds . . . .
) . .. telescope projects, including the proof-of-concept pje
the IVS network stations are already planning the transitm L
" o In 2010, V2PEG conducted a survey among existing IVS
VLBI2010 capabilities. The survey indicated that up to 2&/ne network stations in order to:
radio telescopes at 17 sites with VLBI2010 compliance could? ’
become operational by 2017; a sufficient number of VLBI2010s  gather information about individual VLBI2010 plans,
compatible radio telescopes should be available by 20115 trigger VLBI2010 discussion at the network station level,
support initial VLBI2010 operations. The survey also iraded e  solicit input on what the V2PEG can do to provide the best
that a number of network stations need technical consoitati  support to individual VLBI2010 projects.
about VLBI2010, as well as some needing letters of support to

be successful in obtaining the necessary support and fgndin

t . . . .
e Directing Board (DB) of the International VLBI Service

The survey addressed 31 IVS network stations, all of which
replied. Subsequently, the survey results were re-digrtbback
to the IVS-network stations in January 2011, which are also

Keywords VLBI2010, IVS, V2PEG, radio telescope, VLBI net- 2vailable at the IVS web site (Hase et al., 2011).
work, GGOS

Hayo Hase
Bundesamt fir Kartographie und Geodasie, GeodatisChes 2 VLBI2010
servatorium Wettzell, Sackenrieder Str. 25, 93444 Bad:Hiiy,

G_ermany In the first decade of this millennium the IVS established two
Dirk Behrend working groups to define the outline of VLBI2010. Working
NVI, Inc./GSFC, Greenbelt, MD, U.S.A. Group 2 defined “Product Specifications and Observing Pro-
Chopo Ma grams” that describes the VLBI2010 measurement goals and
NASA GSFC, Greenbelt, MD, U.S.A. proposed observing programs. The Working Group 2 report was
William Petrachenko completed in 2002 (Schuh et al., 2002), describing the éutur
NRCan, Penticton, BC, Canada demands of the service products. Several products, sudia-as s
Haralq SChU_h ] tion coordinates, episodic events, Earth rotation vejpcita-
TU Wien, Wien, Austria tional pole position, nutational parameters, as well aphgsi-
Alan Whitney cal properties of the ionosphere and troposphere, demamd co
MIT Haystack Observatory, Westford, MA, U.S.A tinuous seven days per week observation. The follow-up IVS
Working Group 3 “VLBI 2010” was created in September 2003.
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It examined current and future requirements for VLBI geamet
systems, including all components from antenna to analgeis
published a report with recommendations for a new generatir
of systems. The final report was presented in 2005 (Niell.et a
2005). The main characteristics of the future VLBI2010 syst
can be identified as follows:

continuous observations in 30s slew-track cycles,

fast radio telescopes of 12m reflector class with kinematic
parameters of either a single 12-m diameter antenna w
very high slew rates, e.g. 12 deg/s in azimuth, or a pair of 1.
m diameter antennas, each with more moderate slew rat
e.g. 5 deg/s in azimuth (Petrachenko et al., 2009),
wideband feed, 2-14 GHz (later 2-18 GHz),

digital baseband converter,

high-data-rate sampling data acquisition8 Gbps
broadband connectivity for e-transfer and e-VLBI,

VLBI network,
software correlator,
e automated production process including analysis.

3 Global Geodetic Observing System

The International Association of Geodesy (IAG), as a memb
of the International Union of Geodesy and Geophysics (IUGG
contributes with the Global Geodetic Observing System (850
to the Global Earth Observing System of Systems (GEOS¢
GEOSS is an outcome of the Group on Earth Observation (GE
which is composed of 86 nations plus the European Commissi
and 61 participating organizations (as of May 2011). Thasenv
aged goals of GGOS are:

1mm position accuracy, 0.1 mfyear velocity accuracy,
continuous observations for time series of station passtio
and Earth orientation parameters,

2013

Fig. 1 Prediction for 2013: Approximately 13 stations will be
distributed remote controlled continuous operation of thavailable, allowing significant, but not full-time, VLBI20 ob-
servations.

Fig. 2 Prediction for VLBI2010 observations in 2017: Approx-
imately 20 stations will be available for full-time obsetieas.
Additional sites in Tahiti, Nigeria, Saudi-Arabia and ladnay

e turnaround time to initial geodetic products of less than zj%in the IVS network if funding is approved.

hours.

The realization of GGOS calls on the IVS community to im-
prove its performance to VLBI2010 standards.

5. Atwhat stage are you in the planning process?

6. What support do you need from the IVS?

4 VS Network Station Survey

The answers received were, of course, based on best esti-

mates of the availability of resources to build new systesy-

ever, the average of optimistic and pessimistic estimates g

first clue to the future development of the VLBI2010 network.
The survey consisted of six questions (see detailed qussiio  Symmarizing the results:

the analysis report Hase et al., 2011):

1. Specify plan to upgrade your site to full VLBI2010 capabil.
ity.

2. Do you plan to acquire a new radio telescope that fully siee
the VLBI2010 recommendations?

3. Do you plan to continue operating your existing legacyaad
telescope in the future?

4. What is the best estimate of the year in which your
VLBI2010 capability will become operational?

By 2013, a sufficient number of VLBI2010 compatible radio
telescopes will be available for significant, but not fiihé,
VLBI2010 operations (Figure 1).

By 2017, approximately 20 new radio telescopes at 17 sites
operated by IVS network station institutions will be avail-
able for full-time VLBI2010 observations (Figure 2). Ad-
ditional new stations may also join if approved and con-
structed.
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ko)

- LT Hobart+ Australia | 2010[ AuScope
- - 3.53: ] Warkworth+ |[New Zealand2010
M Yarragadee+ | Australia |2011| AuScope
: Katherine+ Australia | 2011 AuScope
_______ il Wettzel™ | Germany [2011] TTW
Lo & Westford+ USA. [2011] POC
‘ Greenbelt+ US.A [2011] POC
Kashima34 Japan |2013
Koganeill Japan |2013
2015 SX Yebes* Spain | 2013| RAEGE
Onsala** Sweden |2013
o ) ) o Badary* Russia |2014
Eig. 3 I_Drt_ad|ct|on for S/X observatlon§ in 2015: IVS WI|| still uti- Zelenchukskayat Russia | 2014
lize existing global S/X network stations for some time tp-su Matera* italy 5014
port data continuity, astrometry and space applications. Santa Mana* Portugal | 2014] RAEGE
Fortaleza Brazil 2014
Kokee Park* US.A. |2014
e Even in 2017, the American/Pacific region will still lack Sejong22 Korea | 2015
presence of VLBI2010 network stations, though a 10-station Gran Canaria® Spain 2015] RAEGE
NASA network covering some of this area may eventually HartebeesthoekFSouth Africal 2015
be built. _ Tsukuba32 | Japan | 2016
e Through at least 2015, observations by a large number of Tsukuba® Japan | 2016
legacy S/X-band telescopes will still be supported for data Sheshan® China 12016
continuity, astrometry and space applications (Figure 3). Hainan® China_ 12016
e Many network stations need technical consultation about Flores® Portugal | 2016] RAEGE
VLBI2010, as well as support letters to be successful with —
the administration and funding level. Ny Ale§und Norway 2017
Arecibo+ Puerto Rico/20177%
Table 1 shows detailed IVS station-by-station projections VERA- Japan n.a.
through 2017 according to survey results. The stations edark Simeiz Ukraine | n.a.
with an asterisk (*) are planning very fast radio telescohes Svetloe Russia | n.a.
are compliant with the proposed VLBI2010 slewing rate and ob Medicina Italy n.a.
servation mode. Stations marked with two asterisks (**} foil Noto Italy n.a.
low the twin telescope concept, which consists of two VLBIQO Syowa Antarctica | n.a.
radio telescopes at one location. Stations marked withsi(piu O’Higgins Antarctica | n.a.
will be VLBI2010 compliant except that only a single antenna TIGO Chile na
with a~5 deg/sec azimuth slew rate is currently planned. Legacy VLBA- USA. na
stations upgrading to VLBI2010 receivers and data systems a
unmarked. Stations marked with a minus (-) will continuepe o
erate with S/X-band only. The indicated year is an estimate f
operational capability for the IVS.
References

5 Conclusions

A highly capable VLBI2010 network will be implemented
within this decade; new broadband 2-14GHz observation g0
will come into regular operation from 2014/2015 onwardshwit
full operation by about 2017. The current S/X operation mode
will be maintained in parallel at a number of legacy statifors
data continuity, astrometry and space applications.

Table 1 Details of the projected schedule of VLBI2010-station
construction through 2017 (see text for details)
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EOP determination from observations of Russian VLBI-netwo rk
"Quasar”

A. Finkelstein, A. Salnikov, A. Ipatov, S. Smolentsev, |. Surkis, I. Gayazov, |. Rahimov, A. Dyakov, R. Sergeev, E. Skurikhina,
S. Kurdubov

Abstract Regular determinations of Earth orientation parametefenter (Ipatov et al., 2007). Recording terminals at theesbs
are performed by the Russian "Quasar” VLBI network since Auwsatories differ in some details: "Svetloe” has DAS Mark 1V,
gust 2006. The observations are carried out weekly in tmedra Mark 5A, Mark 5B recording terminals, "Zelenchukskaya”
work of two national programs: 24-hour sessions for determhas DAS VLBA4, Mark 5A, Mark 5B recording terminals,
nation of all EOP from observations on the "Quasar” networkBadary” has DAS-R1000 developed in IAA (Fedotov, 2007)
(Ru-E program) and 1-hour sessions for UT1 determination ahd Mark 5B recorder. By the end of 2011 all observatories wil
"Zelenchukskaya” — "Badary” baseline (Ru-U program) usindgpe equipped with new digital DAS R11002M (Fedotov et al.,
e-VLBI Transfer. For Ru-E sessions with the Mark 5B recogdin2010).
system RMS values of EOP deviations from the IERS EOP 08 More detailed description of "Quasar” complex components
C04 series are 0.95 mas for Pole position,.&5for UT1-UTC, given in (Finkelstein et al., 2008), the state of art andrieiplans
and 0.40 mas for Celestial Pole position. RMS of UT1 deviatio given in (Finkelstein et al., 2010).
for Ru-U sessions is 60s. Regular determinations of the Earth orientation pararseter
from domestic observational programs have been put into- pra
tice since August 2006 (Finkelstein et al., 2008). Currestiits
Keywords EOP, VLBI observations, "Quasar” network of the analysis of these observations are presented.

1 Introduction >
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"Quasar” VLBI network was founded for a wide range of coordi-*
nate and time determination tasks (Finkelstein, 2001;dtat&in
etal., 2004). The Network "Quasar” consists of three radiooa
nomical observatories (see Fig. 1): "Svetloe” (Leningkyde- - S
gion) (Smolentsev and Rahimov, 2004), "Zelenchukskaya&- (R
public Karachaevo-Cherkessia) (Smolentsev and Dyak@6P0 _
and "Badary” (Republic Buryatia) (Smolentsev and Sergeev, _ /,W_é
2008) connected by digital communication channels with the
Operating and Data Processing Center (Surkis et al., 20@¥) a
the Analysis Center (Skurikhina, 2010) located at the tutgiof  Fig 1 "Quasar” network
Applied Astronomy (IAA) in St. Petersburg.

All observatories of the "Quasar” network are equipped
with 32-meter radio telescope (RT-32) and technical system
providing VLBI observations: low noise receivers, freqogn
and time keeping systems with H-masers, technical seryise s

tems, which are supported by the Technology Developmth Russian Domestic Programs of VLBI
Observations
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A.Finkelstein, A.Salnikov, A.lpatov, S. Smolentsev, Ii§g,

I. Gayazov, |.Rahimov, A.Dyakov, R.Sergeev, E. Skurikhina
S.Kurdubov VLBI observations at the "Quasar” network for EOP monitgrin

Institute of Applied Astronomy of RAS, 10, Kutuzova emb.are carried out in the framework of two domestic programsERu
191187 Saint Petersburg, Russia and Ru-U.
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The purpose of the Ru-E program is to provide EOP resulés April 2009: First successful e-VLBI experiment (Finkelste
on regular basis from 24-hours sessions on three-statiororie et al., 2010). Regular e-VLBI data transfer for 1-hour Ru-
"Svetloe” — "Zelenchukskaya” — "Badary”. U sessions started since September 2009 (Finkelstein, et al.
The purpose of the Ru-U program is to provide UT1-UTC 2010). Weekly Ru-E and Ru-U sessions on regular base
results on regular basis from Intensive sessions on one base since July 2010. accounting the ionospheric delay from GPS
"Badary” — "Zelenchukskaya” (or "Badary” — "Svetloe”). TEC data.
Statistics of "Quasar” domestic observational programs is
shown in Tab. 1. Planned numbers of sessions in 2011 are in-
dicated in brackets.

3 The results of EOP Determination

Year Ru-U Ru-E
Sv| Zc | Bd | Sv | Zc | Bd For secondary data treatment of Domestic "Quasar” sessions

2006 6 6 9 9 9 QUASAR (Kurdubov, 2007) and OCCAM/GROSS (Malkin,

2007 | 10| 12 | 17 9 9 9 2005) program packages are used. All reduction models-corre

2008 18| 15 | 18 | 14 | 14 | 14 spond to IERS Conventions (2003) (McCarthy and Petit, 2004)

2009 13| 26 | 30 | 23 | 23 | 23 Celestial coordinate system is fixed by ICRF2 catalog (Fey; G

2010 3| 50 | 50 | 20 | 20 | 20 don and Jacobs, 2009). Earth coordinate system is fixed by cat

2011 | 6 ]23(50)28(50)16(50}16(50)16(50) alog ITRF2008 of station positions and velocities. Posiémd
Table 1 Number of observations under Ru-E and Ru-U pro\_/eIocity of the Badary station were specified from both IV8 an
grams Domestic observations (Gayazov and Skurikhina, 2011).

The secondary data processing is implemented with delays
6 hour for Ru-U sessions and about 10 days for Ru-E sessions.
. - . ) When VMF1 (Boehm et al., 2006) data are unavailable the Niell
All operations within the framework of the "Quasar net- . pping function (Niell, 1996) for accounting troposphayath

work are are perfprmed as alike as in IVS. Sessions are schtg1 Jay are used. Similarly instead of 3-D atmospheric lagdin
uled by the Technical Consulate once for a year and are ambm\ﬁata (Petrov and Boy, 2004) the regression model is applied.

every month. Operating Center prepares the file with thedsch hen these data become available the EOP time series are re-

;J(I(;ofgbservatlons session. Observations are carried Quaad calculated. The tropospheric gradients are not estimatedo
and. cessing the "Quasar” observations.

Observational data from 1-hour Ru-U sessions are transmit- , only the NGS file of Ru-U session appears at server after

ted to the IAA correlator using e-VLBI data transfer. Data OEorreIation the secondary data processing is performeheatt

24-hour sessions are shipped to the correlator on disk msduljca”y using the QUASAR program and special utilities.

Results of correlation in NGS-format are sent to the Analysi The accuracy of EOP estimations from Ru-E and Ru-U ses-

Center, whe_re EOP are calculated. ) , sions are presented in Tab. 2 for the period since August.2006

. The main step_s in progress of "Quasar” network observar-ab. 3 the results obtained with the Mark 5B recorders arergiv

tions are the following: separately.

e January-July 2006: Test VLBI observations on X-band, Au-  Differences of EOP with time series IERS EOP 08 C04 are
gust 2006: Start of regular observations (24-hour Ru-E sgsresented in Fig. 2 — 8.
sions and 8-hour Ru-U sessions) twice a month with S2
recording system. One-base "MicroParsec” correlator were
used for data processing. Typical Ru-E session contained ‘ .
about 265 scans of nearly 28 geodetic sources and typicad . Marksb

T T
S2 ]
Ru-U session — about 80 scans of 16 sources with flux 0.86= %% oy TRLA
- O - ... . - L e N - e by -
10.83 J. L0 %1 {% Eh Hi
e August 2008: Test Ru-U sessions of 1-2 hours duration using- 4 | : i
. . N 1 1 1 1 1
the Mark 5B recording system with correlation on the new 2007 2008 2009 2010 2011
time, year

aF
2

S

IAA correlator ARC in one-base mode. November 2008:
first experimental Ru-E session using the Mark 5B record-
ing system and comparing the results of new IAA correlatqtig. 2 Xpol: differences between IAA estimations and IERS
ARC with the Bonn correlator data. EOP 08 C04
e February 2009: Start of weekly Ru-U and Ru-E sessions in
experimental mode using the Mark 5B recording system.
Duration of Ru-U sessions were reduced to 2 hours. New
6-station ARC correlator (Surkis et al., 2010) was used in
test mode. The set of sources was extended up to 63 sources
with flux more than 0.5 J for Ru-E sessions and up to 159
sources with flux from 0.25 J. Scan numbers are about 360
and 20 for Ru-E and Ru-U sessions correspondingly.
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Fig. 3 Ypol: differences between IAA estimations and IERSig. 8 UT1-UTC e-VLBI, differences between IAA estimations

EOP 08 C04
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and IERS EOP 08 C04

EOP Nsesd Bias|RMS
Xp, mas 77 1-0.36 0.96
Y p, mas 77 1-0.50 1.13
UT1-UTCus 771 21| 42
Xc,mas 77 1-0.6Q 0.65
Y, mas 77 1-0.20 0.57
UT1-UTC Int.,us| 142| 6 | 86

Fig. 4 UT1-UTC: differences between IAA estimations andrable 2 Statistics of differences [IAA — IERS EOP 08 C04]
IERS EOP 08 C04

Xc, mas

Fig. 5 Xc:

ANonN B~
T

: Mark5b

T

08 C04

Yc, mas

ANonN B~

2007 2008 2009 2010 2011
time, year

EOP Nsesd Bias|RMS
Xp, mas 44 (-0.38 0.91
Y p, mas 44 (-0.41 0.99
UT1-UTCus 44 | 23 | 35
Xc,mas 44 (-0.820.37
Y, mas 44 (-0.190.43
UT1-UTC Int.,us| 104| -14 | 60

Table 3 Statistics of differences [IAA — IERS EOP 08 C04] for
Mark 5B sessions

differences between IAA estimations and IERS EOP

: Mark5b

i % gns R

2007 2008 2009 2010 2011
time, year

4 Summary

Observations on the "Quasar” VLBI network are carried out on
regular base weekly with correlation on the 6-station |IAdree
lator ARC. Data of 1-hour Ru-U sessions are transferred o th
correlator in e-VLBI mode. Installation of Mark 5B recordin
system has led to noticeable improvement of the EOP resuilts a

Fig. 6 Yc: differences between IAA estimations and IERS EO[RuUracy, particularly for UT1.

08 C04
@ 400
9 200
5 0
'H_' -200
D -400 |

{ 52 ‘ Mark5b
% % }* 5 T |
} ¢e]
2007 2008 2009 2010 2011
time, year
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Current Status of Development of New VLBI Data Analysis
Software

S. Bolotin, J. Gipson, D. Gordon and D. MacMillan

Abstract At the 2010 IVS GM in Hobart we proposed a de-  In this article we will cover the current status of the softava

sign for our next generation VLBI data analysis softwarehis  development process. Section 2 describes tools that adeinse

paper we review the current status of this software and gtans the development process. In Section 3 we provide an overview

future development. We also demonstrate the current ditffhi  of the modular design of the software. The current funclibna

of the software. is described in Section 4. In Section 6 we outline our plams fo
the future.

Keywords VLBI, data analysis, software

2 Software development environment

1 Introduction o .
The software is written in th€++ programming language. It

uses theQt library for high level data abstraction, the system’s
Due to the increased number of VLBI observations and palibc library for low level system functions and ttiem library
ticipated stations, implementation of new VLBI2010 tedhno for standard mathematical procedures.
ogy will require a sophisticated approach to data analyiis. The new VLBI data analysis software will be distributed
current CALC/SOLVE system for VLBI data preparation andis source codes. To make the software distribution portable
analysis should be replaced with more flexible, power and usgse theautoconf automakeand libtool packages. These pack-
friendly software. ages are parts dBNU Build SystemWith this we can create a
The first step in this direction was made in 2007 when thigighly portable software distribution, adjust the disatibn to
IVS Working Group on VLBI data structures (IVS WG4) waslocal needs, and minimize end-user effort to compile thepac
established. The results of the work of the IVS WG4 made #ge.
possible to start work on developing the new VLBI data arialys ~ As a text editor we chose th&eanysoftware. It has the
software. In August of 2009 the VLBI group at the NASA GSFGollowing advantagesGeanypossesses basic integrated devel-
started this development. opment environment (IDE) features: syntax highlightingde
The core requirements of the software and its general dlding, symbol name auto-completion, code navigation and
sign and architecture overview were presented at the IVS Gesuild system. It depends on only a few external packages and
eral Meeting at Hobart (Tasmania) in February, 2010 (Bolotiis independent of distributives. It is also small, lightgleti and
etal., 2010). After discussion of the software design antiet-  fast. Geanyis known to run under Linux, FreeBSD, NetBSD,
ing, the whole architecture was reviewed and slight modific@penBSD, MacOS X, AIX v5.3, Solaris Express and Windows
tions were made. In March, 2010 the first lines of the sourasperating systems.
code were written. We are also usin@oxygensoftware to generate a reference
The first executable that will replace a part of the currerdocumentation from source treBoxygenis a documentation
CALC/SOLVE system will bevSolve, an interactive part of the system forC, C++ and many other programming languages. It
SOLVE system that is currently used in preliminary datayanal can automatically generate reference documentation fierelift
sis. formats: HTML, man pages, LaTex, RTF, PDF, etc. The doc-
umentation is generated directly from the source code, lwhic
makes it consistent with the current source tree.

Sergei Bolotin, John Gipson, David Gordon and Daniel MaeMil rtCurrently, the VLBI data analysis software consists of two
parts:

lan
NVI, Inc./ NASA Goddard Space Flight Center, 8800 Greenbelt
Road, Greenbelt, Maryland 20771, USA
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mize calculations), and classes that describe coordiratsfor-
mations in 3-Dimensional space, liector3DandMatrix3D.

Coiims . )—( Subls/y O y—( LBz ) Geodetic data structures, their relationships and reteran

cedures are implemented in the modid@deling Subsystem

The main purpose of th_ls module is computation of theo_rbtnca

) values of observables (time delay and delay rate) and thee-c
TR sponded partial derivatives. The module implements tHevel
ing abstractionsEpochof observation antime interval identi-
ties and attributes of various objectadio sourcesstationsand
pebortCeneraton CS‘“““O“ Manzzey ( Contia ASetlp ) baseline} VLBI observationsand auxiliary data. It calculates
_ pd 4 ionospheric corrections, zenith delay and mapping funstiand
( mstimator ) Resources Manager ) provides models for clock breaks. This module uses data-stru
tures and algorithms frolathematical Tools
The moduleEstimatoris responsible for performing Least
Lok Squares Estimation. The core of this module is a class caled
Fig. 1 Modular design of the new VLBI data analysis software timator that solves systems of eqL_Jatlons fand obtains estimated
parameters. Also the module provides an interface to otéues p
of the software to communicate with thgstimator feeding it
) _ data and retrieving solutions. That is made possible with th

1. Space Geodesy Librarp library where data structures andq|assespartial and Parameter The current realization imple-
algorithms are implemented (about 90% of total SOUrGRents estimation of unbiased, session-wide parametetes. we
code); _ _ will add global and stochastic parameters.

2. an executableSolve— a driver that calls the library and or- The module /O Subsystemprovides operations of in-
ganizes work with an end-user (about 10% of total sourGg,i/output and supports various data formats. The modute co
code). municates with other modules which implement a particudar f

mat for data representation and provides a unified 1/O iaterf
to other parts of the software. Currently, only Mk3 datatizese-
dling is implemented, which is realized in the modiMi&3 DBH
3 Modules This module allows one to read the content of a Mark-Ill DBH
file into a temporary place in computer memory, get access to
To be stable and flexible, our system has a modular design.OI ta and modn‘y_ them, phange fo.rmat (".’ldq or delete a paaticul
; . . - . LCODE) and write modified data into a file in the Mark-11l DBH
module is a logical block of code that is loosely tied witheth format
parts of the software. . The moduleConfig/Setups a small module that describes
The general modular structure of the software is presented f :
. ) odels, system configuration and the parameter set up that
on Fig. 1. Each arrow on the figure represents a dependency t| o .
. ) ) ; should be applied in the analysis.
provides information (data types, function calls, contstarOnly . . .
. . . The moduleSolution Managecontrols solution production.
the main dependencies are shown on the figure. Depending on the configuration of the solution, it checks the
Several modules in the figur&ITS NetCDF, Libz, LibBz2 -l ond 9 . ’
Lo available (O-C) and partials and, if necessary, calls prppe-
andQt) represent external libraries. )
; dures from theModeling Subsystemo evaluate them. It asks the
The sizes of the modules could vary. There are small bloclﬁ . .
. . . . Stimatorto create the solution ariRleport Generatoto prepare
like Logging systenwith a few hundred lines of source code } . . .
. . the end user output. Finally, it provides obtained resoltstend
and commentaries, and large modules, sucMedeling Sub- - .
. . ser. This module could be considered as a core of the seftwar
systenwith tens of thousands of source code lines. Not all mod-> ; o
. . — it uses almost all other modules and realizes communitatio
ules currently are completed, and some modules will bezedli .
S ; . between different parts of the software.
later. Now, we will give an an overview of currently implented : o
The Graphical User Interface is implementeddb/l mod-
modules. . . : . .
. . . ule. The module interacts with a user to visualize obseyuati
Logging subsysteris a small module that implements the . .
. - . . . solutions and auxiliary data. One part of t8&JI module, the
system logging functionality. Thieogging subsystelis capable ) . )
L Plotting Subsystenallows it to browse a wide spectrum of data.
of receiving a message from other parts of the softwarer ftite . . )
I ; - Also, it allows a user to modify the data. TRéotting Subsystem
by a level and a facility, display the filtered messages toea us . : . o ?
L . . . Is universal and can be used in various applications. Thifuteo
and save it in a log file. This module is used by all other moa;luleuses widgets from thet libra
of the software. 9 -
A module that describes the mathematical data structures
and related functions isathematical ToolsCurrently it con-
tains realizations of the following mathematical conceptstor
andMatrix, the general classes of linear algebra, specialized ob-
jects (likeSymmetric Matrivor Upper Triangular Matrix to opti-
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4 Current Functionality

Currently, the software development process is in the nmbeli-
ate stage and not all functions are realized. The followinig-a
ties are realized.

— vSolve can read VLBI observations in Mk3 DBH format,
modify data and save modified information into a file on the
disk. It assumes that the observations are multiband and au-
tomatically loads all bands of closest version number @f th
files are available). There is no limitation on the number of
bands.

— It can display various values that are stored in the files; ev
uated on the fly or estimated in data analysis. Usind lbée
ting Subsystera user can eliminate outliers, resolve ambigu-
ities and edit clock break parameters interactively.

— ThevSolve software has ability to compute ionospheric cor-
rections from dual channel observations.

— The software is able to estimate the parameters of clock
functions, zenith delays, stations positions and souree co
ordinates. Also, it applies No-Net-Translate and No-Net-
Rotation constraints specified by the user to stations and
sources while estimating their coordinates.

— Automatic ambiguity resolution is implemented in the
vSolve. It assumes that ambiguity spacing could vary from
baseline to baseline.

— It can detect and take into account clock breaks. There are
two approaches to dealing with clock breaks, manual and
automatic.

5 Plans for Future

We expect that the first public release wBolve will be made
in the middle of 2011. To make it available, the following pee
dures need to be implemented in the software: 1) linear pisee
and stochastic estimation of parameters; 2) data reweigtand
3) interaction with current CALC/SOLVE data structures.
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VLBI analysis with c5++ - status quo and outlook

T. Hobiger, M. Sekido, T. Otsubo, T. Gotoh, T. Kubooka, H. Takiguchi, H. Takeuchi

Abstract Otsubo and Gotoh (2002) have developed an analysisents for VLBI data analysis could be taken into account.éor
software package based on Java named concerto version 4 @r, combination of space-geodetic techniques was cerid
which enabled the user to consistently process SLR, GPS ashating the design phase.

other satellite tracking data. Driven by the need to updage t

software and replace the existing Java code, VLBI was added

as an additional module to this analysis package and renamed

C5++. The software provides state-of-the-art modules faare 2 Space-geodesy with c5++

ety of geodetic, mathematical and geophysical tasks thrabea

combined to a stand-alone VLBI application. Although mafy o

these modules can be used for any of the space geodetic tégfsically, c5++ provides the framework (figure 1) under viahic
niques, a couple of technique specific solutions (like fétgg ~ SPace-geodetic applications can be built. Thus, staneaiech-
antenna deformation, etc.) had to be coded exclusively EBly  hique specific applications can be developed or multi-tiegren
It is outlined how the automated analysis procedure of tak re Solutions can be realized. Thereby consistent geophyaiual
time UT1 experiments has been realized with c5++. Otherdield
of applications for this software will be shown as well.

; A

Keywords Analysis software, UT1, Earth Rotation, Automa- ) Open-source
tion, Ambiguity Resolution e libraries
Developer team

c5++ library

1 Introduction
GEO | Deep
i oL etc. | space e
An analysis software package based on Java and named @oncer
I

version 4 (c4, Otsubo and Gotoh, 2002) enabled the user to con
sistently process SLR, GPS and other satellite tracking. ddite Fig. 1 Building space-geodetic analysis software for SLR,
next version of this program package will also include VLBI aGNSS,VLBI or other applications by interfacing the c5++ li-
additional space-geodetic technique. As the softwarerigtly  braries.

being redesigned and completely re-written in C++, theirequ

) . . . geodetic models, based on the IERS Conventions 2003, are ap-
Thomas Hobiger, Mamoru Sekido, Tadahiro Gotoh, TOShIhIrBlied to each technique, which enables the combinatioreeith

Kubooka, and Hiroshi Takiguchi o on the observation level or on the normal-equation leveteEx
National Institute of Information and Communications Tech nal libraries, which are available as open source packages,
ogy, Tokyo, Japan utilized for data input/output as well as vector and matnx o
erations. c5++ has been successfully compiled and testdel un
Windows, Linux and Mac OS using 32-bit and 64-bit environ-
ments. Modules are commented within the code and informatio
is extracted via Doxygen, which outputs on-line the docui@en
tion (in HTML) and/or an off-line reference manual.

Toshimichi Otsubo
Hitotsubashi University, Tokyo, Japan

Hiroshi Takeuchi

Institute of Space and Astronautical Science / Japan Aaoesp
Exploration Agency, Sagamihara, Japan
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2.1 VLBI with c5++

Based on the main classes of c5++ a dedicated VLBI analy-
sis chain can be implemented with minimal efforts. Thereby,
modules can be attached like building blocks and even dedi-
cated/specialized VLBI software solutions can be realingth-

out in-depth knowledge of the specific classes. In orderlfdl fu
the requirements of different applications the followirgserva-

tion formats are supported within c5++

NGS

NetCDF

MK3

Raw correlator (K5 format)

Correlation

A Gauss-Markov type least-squares adjustment model has bee
implemented to estimate target and nuisance parameters fro
the observables. Moreover, as raw-correlator format caim-be
terfaced directly an option for automated ambiguity regotu Databaselereation L
was implemented that enables unattended operation of low la

tency sessions as described in the next section. ‘l’

Ambiguity fixing = é
©
v 4 H
. lonosphere estimation .
2.2 Automated UT1 processing v 0
Database =
Beside multi-baseline sessions, regular single baseliri ¥x- update

periments are scheduled in order to provide estimates offoiT1 YL estimation - Sl

the international space community. As shown by Sekido et al. ) ) o
(2008) and Matsuzaka et al. (2008), the latency of thesesite Fig. 2 pata flow in {iutomated VL_BI processing (_abbrewatlons:
experiments could be improved tremendously and resultisicop@nd Width synthesis (BWS), station log information (Lagfjer

be made available within less than an hour if e-VLBI and autd oPiger etal., 2010).

mated processing routines were applied. If the whole peicgs

pipeline works well, results can be obtained even withinutes

after the last scan has been recorded, which is highly ajapeec 2.3 Ambiguity resolution

by the users community as discussed in Luzum and Nothnagel

(2010). Based on the experience gained over the last tws year

the automated processing chain has been improved and the aPé'e to the fact that current geodetic VLBI systems do not ob-
P g P grve broadband delays, but rather sample the coveredvatzser

ysis software used until now could be replaced by cS++. Sinf)and by several narrow channels, the obtained delays costai

the correlator output format can be read directly with c5ag-, - e _
intermediate interface is necessary. Moreover, ambigagglu- unknown number of integer ambiguities. Thereby, the ambigu
ity spacing is equal to the reciprocal of the unit spacingIbf a

tion and ionosphere correction can be done within the fraonew . ; s .
channels belonging to one observing band. Ambiguity estima

of c5++. Not only the target parameter, i.e. UT1, will be esti> . . ; ) -
mated with c5++ but also databases for the VLBI community ¢ nin VLB is an iterative process that involves the comput

be created with that software. Figure 2 summarizes the data ftion of a simplified geodetic solution, shifting of the amisiges

of the automated UT1 VLBI processing as implemented Witﬂccprding to the residL_JaIs ob'_[ained and an update of t_hﬁ-resu
c5++. Itis also possible to input a-priori delay models @ ¢hr- Ing ionosphere correction, which depends on the selecfitreo

relator in order to achieve highest possible consistentydmn X/S‘band ambiguitie_s. Usually, Fhe gmbigu_ities are assigoe

all the data processing stages. First tests with c5++ wereeda tEe |oi:1osph§_r € f_ree I|ne_a g ct())mbmatlon, Wh'cfh has the b bTh
out in the middle of 2010 and since then the Geospatial IndormNat t_ eam 'gu'ty. spacing becomes a n_on-lr_1teger NUMDET.
tion Authority of Japan (GSI) has been using c5++ for routing5++ |mplementatlon of the amblgU|ty estimation algoritioes
operation of the Intensive and Ultra-Rapid sessions. Reant not_ follow this procedure,‘ but mtroduces_x- and S- band yiela
currently submitted to the IERS to check their consistenayri as |nqependent observations. Thus, the _|nt§-ger n_a'_[ur«e

der to be included for UT1 predictions. A long-term companis Piguities does not change, but the ambiguity shifting based

of INT2 based on automatically processed UT1 estimates W.|t.he residual must be split according to the spacing of eaol.ba

results from CALC/SOLVE (Baver, 2010) has been summarize%hifting the ambiguities an_d simplified geodetic adjusttrien
by Hobiger et al. (2010). iterated as long as the residuals do no exceed the correspond

ing ambiguity spacings. This approach will work properlylyon
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if the ionosphere delay does not exceed the ambiguity sgacin <
defined by the X/S band set-up. Figure 3 shows an example of ¢
successful ambiguity resolution based on INT2 data.
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Fig. 4 Differences of total theoretical delay for the baseline
Westford-Wettzell between c5++ and VieVS as obtained withi
DeDeCC (after Hobiger et al., 2010).

3 Outlook

The upcoming changes of c5++ will affect (geo)physical and
mathematical models as well as increase the number of sup-
ported space-geodetic techniques.

Fig. 3 Residuals after first (a) and sixth (b) iteration of the am-
biguity resolution algorithm for an INT2 experiment in 2007
All residuals in the sixth, i.e. last iteration (figure (bpanuch
smaller than the corresponding ambiguity spacing (i.e. $@tn 3.1 Model updates

X-band and 125 ns at S-band) and thus it can be assumed that all

ambiguities are detected properly (after Hobiger et all020 New and updated models belonging to the IERS Conventions
2010 have been implemented and are currently being tested fo
consistency purposes. Once the technique specific anabywis
dinator has decided to switch over to this implementati&r;+c
should be ready to support the new conventions. Moreoveelno
(geo)physical models are being developed and tested uneer t
framework of c5++. In addition work has been done to imple-
ment a Kalman filter as an optional estimation method beside

the currently supported least-squares adjustment. Seveara

To make sure that all modules of c5++ are properly debugggdihe models, especially those related to orbit modeliag, te-
and consistent with state-of-the-art geophysical modelgffort ., me computational intensive it will be necessary to makeotis
was made to validate the software against other VLBI pacskag%ara”d computing to overcome this drawback.

Therefore c5++ derived results were submitted to the "Datay
Partial Derivatives Comparison Campaign” (DeDeCC, Plank e

al., 2010) in order to determine how the theoretical modéls o

this software package differ from those of other analysiskpa . . .

ages. DeDeCC requires the contributors to submit theiréteo 3.2 Addlng Space geOdetIC techmques
cal delays for a single baseline, i.e. Westford - Wettzeling a and other applications to c5++
given observing schedule and Earth rotation parameteesofbh
tained differences (see figure 4) are well within one picordc
(or 0.3 mm) which is much below the measurement accuracy
existing and planned VLBI systems. Thus, based on thismater
validation, it can be concluded that c5++ is able to proviue t

oretical VLBI delays with up-to-date geophysical modelsaih consistent combination across the techniques will be zedli

are consistent with other analysis packages. Followirgetal- Thereby, results can be either combined on the normal-equat
uation, UT1 estimation was implemented in c5++ knowing thaf ’

no significant model biases from the software can propagée i (tavel or on the observation level, in accordance with thelggoa
the eitimates propag of the Global Geodetic Observing System (GGOS). Moreover,

novel applications like space-craft tracking are beingetigsed,
whereas orbit calculations based on multi-technique obser
tions (GNSS, SLR and VLBI) are expected to provide an utmost
accurate 3D trajectory of the satellite.

Moreover, as NICT is carrying out a feasibility study to z&l
VLBI for time and frequency transfer purposes the softwaile w
be extended to support this application as well.

2.4 Software validation

gyrrently SLR and VLBI are being supported by c5++. GNSS
IS expected to be included as a third space-geodetic taahniq
within this year, i.e. 2011. Since all space-geodetic taphes
can utilize the same physical and geophysical models from c5
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Status and future plans for the Vienna VLBI Software VieVS

T. Nilsson, J. Bohm, S. Bohm, M. Madzak, V. Nafisi, L. Plank, H. Spicakova, J. Sun, C. Tierno Ros, H. Schuh

Abstract The Vienna VLBI Software (VieVS) is a new geodetic|y|E SCHED|- - .-
Very Long Baseline Interferometry (VLBI) data analysis tsof —

ware which has been developed at the Institute of Geodesy and

VLBI data
NGS format

Geophysics, Vienna University of Technology, since 2008sT

paper presents the software, its latest developments, fend t Vi E_| NIT VIE—AS| M

planned future developments. A few results obtained withAd ¥

are also presented, as well as a brief description of howdfte s -

ware can be used for automated VLBI data analysis. Vi E_i\AOD """

Keywords VLBI, geodetic software, Matlab VIE_LSM [~| Normal

/ \ equations

Results in SINEX files

.mat format Result text-files VI E_G LOB

Fig. 1 Structure of VieVS.

1 VieVS overview

In order to be able to cope with the future requirements of Ver
Long Baseline Interferometry (VLBI) data analysis, the ILB
group at the Institute of Geodesy and Geophysics (IGG),nden by IVS Working Group 4 (Gipson, 2010), once the definition
University of Technology, began to develop a new VLBI data ©f the format is completed.
analysis software, called VieVS (Vienna VLBI SoftwarepfBii VIE-MOD  Here the theoretical delays are calculated, as well
et al., 2011), in 2008. The software has now reached a mature s the partial derivatives of the delays w.r.t. the unknoam p
state and it has an increasing number of users around the.worl rameters (station coordinates, zenith wet delays, Earth Or
VieVs is written completely in Matlab. This has the advaetag ~€ntation Parameters (EOP), etc.). These calculationsome d
that it works on all operating systems which are able to rut-Ma ~ following the IERS Conventions (Petitand Luzum, 2010) and
lab (Windows, Linux, Mac OS). Furthermore, it is easy to use the IVS Analysis Conventions such as the thermal expansion
and the source code can easily be modified if needed. Vievs Of radio telescopes (Nothnagel, 2009).
needs Matlab versions 7.6 (R2008a) or later. A Graphicar Us¥/E-LSM  The unknown parameters are estimated using the
Interface (GUI) for VieVS has been developed which makes the classical least-squares method. All parameters are dstima
software easy to use even for people who are not VLBI experts. aS piecewise linear offsets at integer hours. For moreldetai
A flowchart of the different parts of VieVs is shown in  On the estimation procedure, see Teke et al. (2009) and Teke
Fig. 1. The main parts of VieVs are: (2011). The results (and the normal equation matrices) can
be saved as Matlab structure arrays, as well as in SINEX for-
VIE_INIT  In this part the VLBI observations are read in.  mat and other text formats. The following parameters can be
Presently the software can read data in NGS-format. In the estimated in the analysis of a single session: station sjock
future it will also Support the new VLBI data format proposed zenith tropOSpheriC de|ays’ horizontal tropOSpheriC wd’
EOP, station coordinates, and the coordinates of seleated r
dio sources.

T. Nilsson, J. Bohm, S. Bohm, M. Madzak, V. Nafisi, L. Plank,
H. Spicakova, J. Sun, C. Tierno Ros, and H. Schuh Apart from these main parts, there are three additional tesdu

Institute of Geodesy and Geophysics, E128/1, Vienna Usityer connected to VieVS:

of Technology, GuRShausstraf3e 27-29, A-1040 Vienna, Austri i SCHED A scheduling software. For more details, see
t obi as. ni |l sson@ uwi en. ac. at Sun et al. (2011).
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Fig. 3 Time series of zenith wet delays 1990-2010 estimated by

VIE_SIM  Simulation tool that can be used to create simulateff€V'S for three VLBI stations.
VLBI observations. The simulated delays will be the theoret
ical delays as calculated by VIFIOD plus simulated errors ) ) )
due to the wet troposphere (simulated using the method p- Results obtained with VieVS
sented by Nilsson and Haas (2010)), clocks (simulated as a
sum of a random walk process and an integrated random w:
process), and observation noise (simulated as white noisﬂg(
The simulated delays are saved as an ordinary VLBI obser-

vation file in NGS format. It can then be analysed by V'ev§hree VLBI stations: Kokee Park, Onsala, and Wettzell. €hes
or by any other VLBI analyS's so_ﬂv_vare. . time series were obtained by analysing all 24 hour VLBI ses-
VIE_.GLOB Global solution combining the normal equationg; < trom the time period 1990 to 2010 with VieVS. Long
of several single sessions in order to estimate €.0- am"resseries of ZWD are interesting e.g. for climate studies bseau
Reference Frame (TR.F) and/or a Celestial Reference Fra B ZWD is approximately proportional to the integrated evat
(CRF). For more details, see Spicakova et al. (2011). vapour content above the stations, and water vapour is an im-
The setup of the parameterisation and models to be used in g@tant greenhouse gas which is closely related to temperat
different parts of VieVS can easily be done using the VievVS,G yCalculating linear trends in the ZWD from these time series w

this section two examples of results obtained with VieV& a
esented.
Figure 3 shows time series of zenith wet delays (ZWD) for

VIE_SETUP. A part of the GUI is shown in Fig. 2. find -0.9 mm/decade for Kokee Park, 3.8 mm/decade for Onsala,
Tests have been performed to see if VieVS is workingnd 5.0 mm/decade for Wettzell.
on the free Matlab counterpart GNU Octavet { p: / / www. VieVS has been used to estimate the displacements of the

oct ave. or g/ ). The main problem with running VieVS under VLBI station Tsukuba caused by the magnitude 9.0 Earthquake
Octave is that the GUI is not working since Octave currendgsl on March 11, 2011. Figure 4 shows the time series of the es-
not have any GUI support. Itis in principle possible to rueWs  timated position of Tsukuba in the period February to May,
without the GUI, although the setup of the processing is thetP11. As comparison the position of the GPS station in Tsakub
more complicated. Except from the GUI, the tests showedithatl SKB, is plotted; this time series was obtained from the 1GS (

is possible to run VieVS on Octave. However, VieVS is slowefernational GNSS Service) weekly solution (Dow et al., 2009
under Octave than under Matlab. As an example, analysing thBe main displacement (70 cm) is towards the East direction.
session R1412 with Matlab takes about 47 s using standard sefhere are also small movements in the North (1 cm) and verti-
on a3 GHz dual core, 32 bit, Linux PC. Analysing the same se€al (-8 cm) directions. There is a good agreement with the GPS
sion with Octave using the same computer and setup takes ab®sults.

7 minutes. The results obtained with the two softwares are in

principle identical; there are some minor difference4@° cm) .
likely to be of numerical causes. 3 Automated data analysis

At IGG an automated data analysis of new VLBI sessions with
VieVS has been set up. Every night the VieVS server at IGG
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Fig. 4 The displacement of Tsukuba by the Earthquake on
March 11, 2011, estimated by VLBI and by GPS. Black line de-

be able to solve for phase delay ambiguities, which will be
notes the epoch of the Earthquake.

needed for VLBI2010 (Petrachenko et al., 2009) data analy-

sis.
lonospheric corrections:  In addition to ambiguity resmint
checks if there are any new VLBI data files available at the IVS we will also cover other earlier steps in the VLBI anal-
server, and if so these are downloaded. Also other files weede ysis chain, like the calculation of ionospheric correcsion
for VLBI data analysis are automatically downloaded, suglaa  Furthermore, we will add the possibility to use ionospheric
priori EOP (IERS CO04 and IERS Bulletin A), Vienna mapping delays from external sources, e.g. calculated from GNSS
functions (Boehm et al., 2006), and atmospheric loadingecer ionospheric TEC (Total Electron Content) maps (Tierno Ros
tions (Petrov and Boy, 2004). The data are then automaticall et al., 2011).
analysed. External tropospheric delays:  The possibility of usingeext

For 24 hour sessions only a simple analysis is made where nal tropospheric delays in VieVS is currently being imple-
clocks and tropospheric parameters are estimated whilstéhe mented. These could for example be observed by external in-
tion and source coordinates as well as the EOP are fixed to thei struments such as water vapour radiometers, or obtained by
a priori values. The main purpose of this analysis is to detec ray-tracing through numerical weather prediction models.
outliers. After the analysis is finished, a basic report impided  Spacecraft tracking:  We will add the possibility to analyse
and sent to a responsible analyst in the VLBI group at IGGsThi  VLBI observations of artificial satellites and space probes
analyst should then determine if the session is good or ikthe  For further details about this work, see Plank et al. (2011).
are any problems that need to be fixed, e.g. clock breaks. Kalman filter solution:  As an alternative to the classicakle

For the 1 hour Intensives a normal data processing is per- squares solution, a Kalman filter solution will be imple-
formed in order to estimate Universal Time (DUT1=UT1-UTC). mented. Some parameters, like the clocks and the tropo-
The estimated DUT1 values are saved in a file, and a plot of spheric delays, have stochastic variations which cannot be
DUT1 for the last month is produced and put on the VieVS web- completely described by piece-wise linear functions. In a
site htt p://vi evs. hg. t uwi en. ac. at). An example is Kalman filter it is possible to model the variations in these
shown in Fig. 5. parameters better. Furthermore, a Kalman filter is ideal for
real-time data analysis.

4 Planned future developments

The major planned future developments of Vievs include: 5 Concluding remarks

Group delay ambiguity resolution:  Currently VieVS has not
the possibility to resolve the group delay ambiguities, howieVS is freely available to registered users. For morerimia-
ever this feature will be added. Then we will get the resultson on the software and how to obtain it, see the VieVS websit
from new sessions faster since there is normally a delay of gt p: / / vi evs. hg. t uwi en. ac. at .
to one day between the release of the first version of the VLBI
database from the correlator until a version of the database
with ambiguities resolved is available. A long-term aimas t
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Evaluation of Combined Sub-daily UT1 Estimates from GPS and
VLBI Observations

T. Artz, A. Nothnagel, P. Steigenberger and S. Tesmer

Abstract Hourly estimates of UT1 were determined in a combismaller observing networks and a much smaller number ofebse
nation procedure of Very Long Baseline Interferometry (VLB vations. When using GPS measurements, only the time deriva-
and Global Positioning System (GPS) observations based-on kives of UT1 can be determined unambiguously as a conseguenc
mogeneous normal equation (NEQ) systems. The combinatiofithe one to one correlation between the satellite orbitisl3inl
sustains the strengths of both techniques with the shoibvger (Rothacher et al., 1999). Thus, estimating UT1 from GPSmbse
variations mainly originating from the GPS observationslevh vations leads to random offsets and drifts w.r.t. VLBI-ded
VLBI delivers the long term information. It is shown that theparameters during a time span of five years. To overcome these
resulting hourly resolved UT1 time series is improved by thpeculiarities, combination efforts have been undertaken.
combination. Furthermore, the impact of different VLBI sies So far, the combination had been predominantely used for
types is evaluated by UT1 and length of day (LOD) comparisonEOPs with a daily resolution. Concerning the combination of
The noise of the combined UT1 results decreases the more VL&Ib-daily resolved EOPs, Thaller et al. (2007) performexbast
sessions are used, in contrast, the LOD consistency with gemmbination of GPS and VLBI normal equation (NEQ) systems
physical fluids slightly degrades. Finally, an empiricaldabfor for the time span of the Continuous VLBI Campaign 2002. In
sub-daily variations of the Earth Rotation Parameters was daddition, Steigenberger (2009) described the effect oftinimg
termined based on transformations of the given NEQ systent&/o empirical tidal EOP models based on GPS and VLBI EOP
Using this model for the estimation of the time series cleegt  time series.
duces the remaining sub-daily UT1 variations. Within this paper, a combination approach was applied
which is similar to the one performed by Thaller et al. (2007)
The goal of this combination was to determine improved sub-
Keywords UT1, Combination, VLBI, GPS daily UT1 variations. On the one hand, combined long term UT1
time series with an hourly resolution were derived. On theot
hand, a combined empirical EOP model containing tidal com-
ponents with diurnal and semi-diurnal terms was estimatibd.
1 Introduction data used in this paper were GPS and VLBI NEQ systems taken
from the project GGOS-D (Rothacher et al., 2010). One of the
) ) aims of GGOS-D was the homogeneous modeling and parame-
Measurements of the Earth orientation parameters (EORS) &&yization among the different techniques leading to higtd-
usually done by employing space geodetic techniques such@§geneous and consistent contributions of the differect-te

the Global Positioning System (GPS) or Very Long Baselingjques in the form of NEQ systems. Thus, an outstanding basis
Interferometry (VLBI). However, each technique has itS OWRy, combination efforts is given.

strengths and weaknesses in measuring the EOPs. For iastanc
VLBI is the only technique which is able to determine all com-
ponents of the Earth’s orientation simultaneously. Howetre

VLBI-derived polar motion (PM) does not have the accurac

which can be provided by GPS observations, because VLBI u sSOIUtlon Procedure

From GGOS-D, NEQ systems are available for the time-span

Thomas Artz, Axel Nothnagel and Sarah Tesmer 1994.0-2007.0 for both techniques. These NEQ systems con-
Rheinische  Friedrich-Wilhelms ~ Universitat Bonn, IGGytain the observations of one day in the case of GPS and one
NuBallee 17, D-53115 Bonn, Germany session for VLBI. For these NEQ systems, special technique-

Peter Steigenberger specific analysis options were applied:

Technische Universitat Miinchen, IAPG, D-80333 Miinchen
Arcisstra3e 21, Germany
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e for VLBI, weak stabilizing constraints were imposed on pa- 0.6 T T T T
rameters set-up as continuous piece-wise linear functio@ 0.4 E
(CPWLF) = 0.2 i

o for GPS, the geocenter was fixed to zero and standard cén-
straints were applied for the satellite orbits (e.g., Seig 2 -0.2
berger 2009) 04 . . . .

Furthermore, the a priori station positions were transéatrand 2004 2004.05 2004.1 2004.15 2004.2 2004.25

fixed to ITRF2008 (Altamimi et al., 2011). Likewise, the posi _ E f th giff S 05C04 for th
tions of the radio sources were fixed to their ICRF2 (IERS 200 F'g' 1 Excerpt of the UT1 differences to IERS 05C04 for the

positions. Unstable sources, for which the assumption ofgoe mdividual_solutions_(light gray dots: VLBI, dark gray: GPand
representable by a constant position over time did not hedde the combined solution (black).
estimated session-wise. The PM and UT1 parameters were pa-
rameterized by CPWLF with epochs exactly at full hours. Ex-
cept for the EOPs, all remaining parameters were treategt indime-span. Solving this NEQ system leads to the simultasieou
pendently for each technique as well as for each day or sessicestimation of nutation corrections linear over two-wedkinals

For the combination, first, two-weekly NEQ systems werand a time series of hourly resolved PM and UT1 or a tidal sub-
built for GPS and VLBI independently. Parameters that werdaily EOP model.
present in the two NEQ systems were stacked to one single pa- Within this investigation, only the combined UT1 time se-
rameter. For both two-week NEQ systems (GPS and VLBI), thées is analyzed. Furthermore, this time series was gestbrat
nutation representation was transformed to one offset aed conly for the time span 2002.0-2007.0 to allow a meaningful
rate for the respective 14 days as it can be assumed that nataalysis of the impact of different VLBI observing types es-
tion corrections change significantly only over a longeiqubof  pecially of the rapid turnaround R1 and R4 sessions (Sehlit
time. Finally, these two NEQ systems were added to form a corand Behrend, 2007) that started in 2002. However, the silyp-da
bined one. To account for a different variance level thatmnige  model presented in Sec. 5 was estimated from the entire time
present due to the discordance in the number of observatlmms span (1994.0 —2007.0).
NEQ systems were scaled to have identical traces:

tr(Ngpg +tr(NviBl)

Ncowmsl = pst .
4-tr(Ngpg) 3 UT1 Comparisons
tr(Ngpg +tr(Nyvipi) @
4-1r(Ny gl) VLBI , - , ,
VLBI As described above, several combined UT1 time series were es

Here,Ngpgrepresents a GPS NEQ matrix aNgy g; as well timated for a ti_me.span of five years. These solutiqns diffier i
asNcomp) denote the VLBI and combined NEQ matrices, rethe VLBI-contrlbutlor) where all possible VLBI sesspn tyspe_
spectively. The same scaling was done for the right handagide©nly R1 and R4 sessions, or the one hour long Intensive sesssio
the NEQ system. were used. Furthermore, technique independent time seeies

In Sec. 5, an combined empirical sub-daily EOP model gstimated. In Fig. 1, three time series with a duration ofivae
used. This model was estimated from the same set of NEQ syéeks are displayed. For the UT1 comparisons, the GPSaoluti
tems, applying the same combination procedure as for the tifffas fixed to the a priori values at the beginning of each twekwe
series solution. For this purpose, the combined two-weel@NEimerval to overcome the random walk behavior of the GP§-onl
systems were transformed to the model representation as gelution. However, this leads to jumps at the boundariesief t
scribed by Artz et al. (2011b). For the UT1 part of the modédPrtnightly time spans. In Fig. 1 it can clearly be seen thet t

(u¢ andus), the functional dependence between the old and t@@solute information of the combined time series is defined b
neJW para]meters is: VLBI while GPS delivers the relative one.

In Tab. 1 the root mean squared (RMS) differences of the

2o s UT1 estimates to the IERS 05C04 series (Bizouard and Gambis,

UT10 = 5 ufcost;(0) +ufsing (1) () 2009) are listed. IERS 05C04 is a combined EOP series with a
daily resolution, which was linearly interpolated. A betigree-
In this equationt denotes the epoch of every originally paramment to this series implies a higher quality of the deriveuleti
eterized hourly UT1 and is the number of tidal terms in the series, as the roughness of the hourly estimates is redOtmi.
model. The symbolg; are the corresponding angular argumentsusly, a significant reduction of the noise within the timéese

for any j'" tide. The new NEQ system can be derived by is achieved by the combination procedure. The combinedseri
~ . _ N is less noisy the more VLBI sessions are used, however, using
N=B"-N-B, n=B"-n (3) only VLBI Intensive sessions for the combination alreadyde

. . . L to an improved UT1 series.
where the matriB consists of the partial derivatives of the EOPs

w.r.t. the new parameters.
All combined (and optionally transformed) two-week NEQ
systems were then added to a global NEQ system for the entire
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Individual Combination GPS COMB
GPS VLBIl|all 24h R1&R4 R1 R4 Int. uncnstr. cnstfall 24h R1 R4 Int.
106 54 |33 34 34 44 40 43 56 83 |59 58 56 58 73

Table 1 RMS differences fiis] between to the IERS 05C04 se-Table 2 RMS residuals fis] of the adjusted LOD - (AAM +
ries. Several combined solutions were performed, withi/aBl ~ OAM) differences.
sessions, only 24 h VLBI sessions or R1, R4 or Intensivesealon

all VLBI data. However, this reduced consistency to the geo-
4 Length of Day Comparisons physical data is not supposed to be forced by the amount df use
VLBI data rather than to be sticked to the VLBI observing net-
works. When using only VLBI Intensive sessions for the com-
bination, the RMS residuals get worse. However, the agraeme
between this type of combination and the AAM/OAM series is
still better compared with the constrained GPS-only sofuti-or

The time derivative of UT1 is called length of day (LOD). Dee t
the differential characteristic, LOD can be determinedfiGPS
observations without hypothesis as well. Thus, LOD timéeser

were generated from the UT1 time series analyzed in Sec. 3‘atﬁ)types of combined solutions it is remarkable, that the@of

evaluate the consistency with oceanic and atmosphericlangL{ - o .
. he UT1 time series is improved (see Sec. 3) while the agreeme
momentum (OAM, AAM) series. In contrast to the UT1 compar- P ( ) 9

isons presented, this represents an independent vatidaitibe \év":: CﬁEAI/OAM. time series is only slightly reduced, at leat |
. : sessions are used.
hourly resolved time series. The AAM values were taken from
the NCEP ReanalysigSalstein and Rosen, 1997), where the in-
verted barometer assumption was applied, and the OAM values
were taken from the ECC®f066h 6hr modet (Gross, 2009). .. .
For generating the LOD time series, the UT1 time series wgé Impact of an emplrlcal SUb'da'Iy EOP
first reduced by zonal tides. For this purpose, the elastly bad model
equilibrium ocean tide model of Yoder et al. (1981), the rape

and out-of-phase components of the Wahr and Bergen (1986) in ) . . )
elastic body tide model and the dynamic ocean tide model fA* ¢*S described in Sec. 2, an empirical sub-daily EOP model ean b

Kantha et al. (1998) were used. From these time series, tie L§Stimated as well from the same set of NEQ systems. A compre-
time series was derived by subtracting two subsequent edduéjenswe analysis of the d_etermln_ed combined model can Inelfou
UT1 values and dividing this difference with the time digiace 1" Arz etal. (2011a). This combined model generally appear
of 1/24 d. For the comparison with the AAM and OAM data, thé weighted mean of the individual models, where the impact of
LOD time series was smoothed to a temporal resolution of 6 h (57°S S higher than the VLBI one. The main fact concerning the
calculating the mean values of the corresponding 12 h iatery ComPined sub-daily EOP model is an improved agreement with
around a specific epoch. the IERS2003 model (Tab. 8.2 and 8.3 of McCarthy and Petit
For this comparisons, the time series LOD - (AAM + 0AM)2004) compared to technique specific models. However, a par-
was built and a quadratic polynomial as well as an annual,aanf!i'al degradation is present due to GPS-specific errors whah

semi-annual signal were fitted. The RMS residuals for two GP§-9- [0 badh_Sun-sa/n::hronous ;erms. o model to i _
only solutions and several combination approaches aesllist Here, this model was used as a priori model to investigate

Tab. 2. The VLBI RMS residuals are not shown as a consequerf impact on the time series of hourly resolved UTL. As pre-

of the non-continuity of the VLBI-only time series. One cpsSented in the previous sections, UT1 and LOD comparisone wer

only solution was estimated without any UT1 constraintssth Performed to demonstrate the impact of the new sub-daily EOP

this series is not usable for UT1 analysis. The second seried"0del- For this combination, all VLBI sessions were usece Th

the GPS-only series which was analyzed as described in Sec‘?%era” impact of the new model is small, as the RMS diffeenc

where every 14th day one offset was fixed to the IERS 05C@4€ improved by less than 0.5% for LOD and UT1. The reason
series. This series represents more reliable UT1 resuitstte can be seen in the fact that the remaining variations wittoger

derived LOD series possesses jumps. This can clearly be s@bRve one day are significantly larger than those with one day
in the RMS differences, which are largest for the constainé®nd below. Thus, the RMS difference is not significantly cfeah
GPS-only series. In contrast, the unconstrained GPS- éfthe consistency of the daily and sub-daily part of the tsages

ries shows the best agreement with the AAM/OAM series. WhéefiMProved. This improvementis, nevertheless, visibagire-
only R1 sessions are used in the combination, the agreemengf'ency domal_n. The residual U_Tl amplltu_de spectr'um_of dleas
AAM/OAM is equal to using GPS-only. Adding other VLBI ses.Squares B-spline fit to the UT1 time series is shown in Fighe T

sion types leads to a small degradation of at most 5% whex usfgduction of diumal and semi-diurnal variations due touse of
the combined empirical sub-daily EOP model demonstrates th

1 _ higher consistency. A comparable improvement can be seen fo
ftp.aer.conl pub/anon_col | aborations/sba/ e diumal periods of the LOD amplitude spectrum (not shown

aanf . ncep. reanal ysi s. 1948. 2009 here). For the semi-diurnal part almost no change is visisle
2 ftp://euler.jpl.nasa.gov/sbo/ oam gl obal /

ECCO kf 066b_6hr . chi
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VLBI Analysis at BKG

G. Engelhardt, V. Thorandt, D. Ullrich

Abstract The VLBI group of the Federal Agency for Cartogra-2 Processing of Correlator Output
phy and Geodesy (BKG) in Leipzig is part of the jointly opexht
IVS Analysis Center of BKG and the Institute for Geodesy an
Geoinformation of the University of Bonn (IGGB). BKG is re-
sponsible for regular submissions of time series of EarilerOr
tation Parameters (EOP) and tropospheric parametersettez-g
ation of daily SINEX (Solution INdependent EXchange forjnat
files for 24-hours sessions and Intensive VLBI sessionsi-qua

terly updated solutions to produce terrestrial and celegtif-

erence frame realizations (TRF, CRF), and generating $iten .
schedules (mainly Tsukuba-Wettzell). The data processiegs 3 Scheduling
are explained and also some problems in the procedure of data

analysis are pointed out.

8ne important task in data analysis at BKG is the genera-
tion of calibrated databases for the sessions correlateteat
MPIfR/BKG Mark 5 Astro/Geo Correlator at Bonn (e.g. EURO,
OHIG, T2) and submitting them to the IVS Data Centers.

BKG is responsible for scheduling the INT2 Intensive sessio
which are observed on the baselines TSUKUBA-WETTZELL,
KASHIMA-WETTZELL, KASHIMA-WESTFORD,
TSUKUBA-WESTFORD by using the program system
SKED ! developed by John Gipson (NVI, Inc/NASA Goddard
Spaceflight Center).

Keywords VLBI, Data Analysis

1 General Information on Data Analysis

At BKG the latest version of the data analysis software syste4 1VS EOP Time Series bkg00013
Calc/Solve, release 2010.05.21 (GSFC, 2010), has beerfarsed

VLBI data processing. Itis running on a Linux operating eyst The solution for generating the EOP series is based on algloba

As In the previous releases the Vienna Mapping Funcuoéblution mode with common estimation of all parameter types

(VM'.:.l) has b_een_ implemented in a separate SOIV.e versios. Tl?he EOP are one part of the arc-parameters, i.e. estimdtions
modified version is used for all work of data analysis. The WVIFeach experiment session. The global parameter adjustments

data are downloaded daily from the server of the Technical qur to the entire data set, e.g. station positions and viscdr

vers:é/c}ftl_ennzﬁ. ind dent technological soft . source positions.
iuonally an independent technological soitware epmr Each new VLBI session issued from correlator as database

r[r;etnt g) ' tth e Calc/Solve StOft\.Atlsrti N avallabc;e fortl_lnrlngctgze version 1 is processed and after that a new global solutitm wi
ata Lenter management wi € pre- and post-intera P24-hours sessions since 1984 is computed. Then the EOP time

of the EOP series production and to monitor all Analysis angerieS bkg00013 is extracted
Data Center activities. Some topics of solution bkg00013 are:

number of sessions more than 4100,

datum definition is realized by applying no-net-rotatiom an
no-net-translation conditions for 26 selected stationi-pos
tions and velocities with respect to VTRF2008a and no-net-
rotation condition for 295 defining sources with respect to
ICRF2 (Ma et al., 2009),

Gerald Engelhardt, Volkmar Thorandt, Dieter Ullrich
Bundesamt fur Kartographie und Geodasie (BKG), KarlFret
Str. 10-14, D-04105 Leipzig, Germany

1 ftp://gemini.gsfc.nasa.gov/pub/sked
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TIGOCONC coordinate series of VLBI solution bkg00013
Differences to first session R1019 (02MAY13XA)
1500

East component (mm)
Height component (mm)

2500 il TIGOCONC coordinate series of VLBI solution bkg00013 -0
Earthquake B Differences to first session R1019 (02MAY13XA) Earthquake 900
27.02.2010 27.02.2010
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TIME (years) TIME (years)

Fig. 1 Station position time series of TIGOCONC (Chile) in easFig. 3 Station position time series of TIGOCONC (Chile) in

component height component
- 5 IVS UT1 Time Series bkgint09
_ ’ The UT1-UTC Intensive time series is based on independent
£ - session solutions. The Intensive sessions include malggre
z - - vations of the baselines KOKEE-WETTZELL or TSUKUBA-
. - WETTZELL, but also of the networks KOKEE-SVETLOE-
: : L&?TM :: WETTZELL and NYALES20-TSUKUBA-WETTZELL. Series
o . bkgint09 is generated with fixed TRF (VTRF2008a) and fixed
++m{ TIGOCONG conrdinate series of VLBI soluon bkg00013 o ICRF2. The estimated parameter types are only UT1-TAl, sta-
o { Diffrencesip fistsession R1019 (02MAY13X4) Sonnauale - tion clock, and zenith troposphere. The UT1 Intensive sessi
TR e e e e e are processed from 1999.01.01 on.

TIME (years)

Fig. 2 Station position time series of TIGOCONC (Chile) in

north component

6 Quarterly Updated TRF and CRF
Solutions for Submission to IVS

e global parameter types station coordinates and velogiaes

dio source positions, ) Every year quarterly updated solutions for the IVS prodT®&

o local parameter types in each session, e.g. EOP, tropgig CRF are computed. There are no differences in the solutio
spheric parameters (zenith wet delays at 1 hour intervalgkrateqy compared to the continuously computed EOP time se-
local station coordinates for AIRA (Japan), CHICHI10res hkgo0013. The results of the radio source positionsie
(Japan), CTVASTJ (Canada), DSS13 (USA), HOBARTI1yjtted to IVS in IERS format. The TRF solution is available in
(Australia), PT-REYES (USA), SEST (Chile), SINTOTU3g|NEX format, version 2.1 and includes station coordinates
(Japan), TIGOCONC (Chile), WIDE85-3 (USA), VE-|qcities (Figures 4 and 5), and radio source coordinatesthey
RAISGK (Japan), VERAMZSW (Japan), and YEBES40Myjith the covariance matrix, information about constrajratsd

(Spain). the decomposed normal matrix and vector.

Because of a big earthquake in the region of the VLBI sta-
tion TIGOCONC in Chile with station displacements of about 3
meters the modeling of this station was changed from glgball
estimated station coordinates to locally estimated coatds in 7 Tropospheric Parameters
all respective sessions. The time series of the statiordotates
can be seen in Figures 1, 4, and 3. You can see big offsetstim n

and east component but also different rates after the %he vLBI group of BKG continues regular submissions of long

time series of tropospheric parameters to the IVS (wet atad to
zenith delays, horizontal gradients) for all available Vld#s-
sions since 1984. The tropospheric parameters are extrizcta
the standard global solution for the EOP time series bkgB001
and transformed into SINEX format.
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9 SINEX Files for Intensive Sessions

IVS SINEX files for Intensive sessions are created and suéchit
to IVS. The parameter types are station coordinates, pale co
dinates and their rates, and UT1-TAIl with rate. Only the nor-
mal equations stored in the SINEX files are important fortfert
combination with other space geodetic techniques.

10 Problems with Logfile Formats

L Before running the extracting program XLOG for calibration

e S veloaties of s vt aonany ™ TRF20082) data different errors in the logfiles have to be fixed. Some log
file errors are:

Fig. 4 Horizontal station velocities derived from VLBI data- wrong filename of the logdfile (i.e. euro87ro.log instead of

1984.0 to 2010.9 euro876a.log),

- wrong station name in the header (i.e. NyAlesun instead of
NYALES20),

- superfluous header records,

- records outside of observation time span,

- implausible meteorological data,

- empty records,

- wrong time fields,

- format error in meteorological data field,

- wrong cable sign.

11 Outlook
woow ow owoow o owo oo w ow o w s w |fno orunrealistic meteorological data are available ingfile
T 2 mmlyear (vertical station velocities of BKG solution in the VTRF2008a) . .
! 2 mmiyear (veriical station velocities of the VTRF2008a) of a station presently standard values for the meteoradbgata

are used. In future more realistic values included in the IMF
Fig. 5 Vertical station velocities derived from VLBI data 1984.0data files for 0, 6, 12, and 18 UT should be used. Furthermore
to 2010.9 the a priori EOP values will be included in the solution file fo
Intensive sessions.

8 Daily SINEX Files

- _ ) _ ~ References
In addition to the global solutions daily SINEX files for allal-

able 24-hours sessions as base solutions for the VS tinmesser

of baseline lengths and for combination techniques are gubn{>SFC, NASA (2010): Release of Mark 5 VLBI Analysis Soft-
ted. Independent session solutions are computed for tlaenear ware Calc/Solve from May 21, 2010 (Web reference:
ter types station coordinates, radio source coordinatresEDP http://gemini.gsfc.nasa.gov/solve).

including the X,Y-nutation parameters. The a priori dation f Chopo Ma et al (2009): IERS Technical Note No. 35: The

TRF is defined by the VTRF2008a, and ICRF2 is used for the a Second Realization of the International Celestial Refegen
priori CRF information. Frame by Very Long Baseline Interferometry; Presented on

behalf of the IERS/IVS Working Group, edited by Alan L.
Fey, David Gordon, Christopher S. Jacobs.



Radio frequency interference at QUASAR Network Observator ies

Gennadii llin

Keywords Radio frequency interference
QUASAR radio telescopes RT-32 are equipped with hig

sensitive cryogenic receivers. Main frequency parametktise

receivers are presented in table 1 (Finkelstein et al., 2008

Mobile Base Station,
Radio-relays,
Radars, Doris,
Lightning, etc

WavelengthFrequencyBandwidth,|LO freq.IF Bandwidth,

cm band GHz GHz MHz

18-21 L 1.38-1.72| 1.26 130-470
13 S 2.15-2.50| 2.02 130-480
6 C 4.60-5.10| 4.50 100-600

35 X 8.18-9.08| 8.08 100-1000

1.35 K 22.02-22.5p 21.92 100-600

Table 1 Main parameters of the QUASAR receivers Fig. 1 Structure of RFI: external and internal origin

Transmission(up-dowhsSM-904GSM-1800 UMTS

RFI is one of the factors reducing sensitivity of the radio From HS to BS, MHz | 890-915/1710-17851885-2025
telescopes. From BSto HS, Hz | 935-960|1805-188(2110-2200

It is well known, that all RFI affected on sensitivity of radi Taple 2 Frequency parameters of mobile communications used
telescope can be divided by origin into two types: exterma@l a in Russian Federation: GSM 900/1800, UMTS, (BS — Base Sta-
internal origin. The structure of most powerful RFI pregehtn  tion, HS — handsets)

Fig. 1.

Most of external RFI’s are closely connected with human ac-
tivities around the place of the QUASAR network observa®ri
location. QUASAR radio telescopes were built in places remoVvatories (look at frequency parameters of mobile communica
from major settlements, but now this situation changed,rand tion links presented in Tab.2 and receiver parameters inTjab
sulted in increasing RFI level especially in L and S-band. Signals of these communication links can affect on IF diyect

For example, Svetloe observatory radio telescope was bufESM-900) or generate RFI in L-band (GSM-1800) and S-band
in a valley, about 100 km far from St. Petersburg, surrourtiied (UMTS) at the LNA' inputs.
hills, served as additional shield against RFI. Now thedls hi For estimation of RFI parameters, receiver intermediate fr
serve as a popular ski resorts. As a result we have powerfiilency (IF) signals are controlled to measure RFI spechrat-c
source of RFI from mobile phone base station transmitters iacteristics: frequency, bandwidth, level (Fig. 2). Spettrana-
stalled near (2.5 km away) radio telescope as infrastraatle- lyzer GSP 827 is used for this purpose. Spectral measuresment

ment of the resort. of the receivers IF all QUASAR network observatories. Symect
The same mobile service recently appeared near the ra@i@ms obtained from these measurements fill RFI database.
telescope of Badary and Zelenchukskaya observatory. Using this technique we can register only relatively stiong

Practically RFI level in S- band is determined by radiatiotationary narrow band RFI.
of the mobile phone base stations built near QUASAR obser- Radio telescope also detects the presence of impulses-of var
ious origins, which do not plot on the spectrograms. Diffiere
types of narrow band RFI registered at QUASAR network obser-

Gennadii llin vatories listed in Tab. 3-5.
Institute of Applied Astronomy of RAS, 10, Kutuzova emb.,  All problems concerned electromagnetic compatibility
191187 Saint Petersburg, Russia (EMC) of radio equipment are regulated by the State Radie Fre
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it Rt s RFI Source Input | Level, Notes
o L} e L ‘ frequency,| over
MHz  |systen|
noise,
: : i cem
A L-band Radionavigati-{1598.0625{25-30| Maximum
Ny onal satellite | —1608.75 value
e S e e (GLONASS L1} 1575.42
Wwtiise  weshans w0 Wi Sesmame v moioms GPS L1)

Fig. 2 Svetloe RT-32 reflector directiofiz= 250, El = 20, Fixed service 1532 25 Azimuth

. ; - . . depended
on the resort — left and in opposite direction — right. Main . .
RFI: f, — 1149 MHz, U — —80.1 dBm:; f, — 1479 MHz, > 2" ('L"&Tse) 2134-2139 1-5 ﬁ';t'grh;;?j?d
U =-809dBm; f; = 4339 MHzU = —727 dBm Fixed service,| 2400-2500 15 | Direction on
RFI Source Input | Level,| Notes MW oven rejic;;nz Cim
frequency, over C-band Spurious |4800,4904 30 | Willbe
MHz Sny;tsej harmonics PLL removed after
’ PLL upgrade
dBm
. — _ X-band Clear
L-band Radionavigati- [1598.0625+25—-30|Maximum
onal satellite | —1608.75 value Table 4 Svetloe observatory
(GLONASS L1, | 1575.42
GPS L1) RFI Source Input | Level, Notes
DORIS 401.25 10 frequency,| over
MOBILE 1525-156Q 5-7 MHz System
SATELLITE (S-E noise,
S-bang Mobile (UMTS) [2134-2139 15 |Observed dBm
in three L-band Radionavigati- |1598.0625}25—30] Maximum
azimuths onal satellite | —1608.75 value
C-bang DORIS 401.25 10 (GLONASS L1, | 1575.42
X-band Clear GPSL1)
Table 3 RFI type and some characteristics. Badary observatory Fixed service 1532 25 | Azimuth
depended
S-band Mobile (UMTS) |2134-2139 20 | Maximum
value,
quency Center and its local territory departments. Mostnisive no intermods
EMC regulation process concerned mobile operators. Otherw Fixed service |2400-2500 10
S-band can't be used for VLBI observations, as it followsyfro C-bang Spurious 4800, 5104 Will be
Fig. 3 — intermodulation products bring down the entire &eba PLL harmonics removed
receiver. after PLL
Fig. 2 demonstrates “compatible” UMTS BS signals (in low upgrade
frequency part of spectrograms). Additional High Passrfiltas X-banq L-Clear, R:Spurious Will be
used at the output of the LNA to attenuate UMTS signal. At the PLL harmonics removed
left plot MW — oven signal (f3) can be seen. Intermods are pro- after PLL
duced UMTS BS (RT-32 reflector is directed to BS). upgrade
For more accurate estimation of RFI affect on VLBI obser-K-banq Clear

vations, spectrograms o_btained_ by IAA correl_ator can _bei US§ tie 5 Zelenchukskaya observatory
(Surkis et al., 2008). This technique was applied to esgnifat
spectrum distortion caused by DORIS signal for the S and X-
band receivers. DORIS 401.25 MHz signal penetrate diréctly
to the IF band of all receiver, probably via the long cablepyra cally all 16MHz band of the video convertor. Thus we can con-
Significantly attenuated DORIS signals do not overload @mplcjude that DORIS transmitter has to be torn-off if 401 MHzsig
fiers and can be registered in IF band with the help of low regal is within bandwidth of signal registered, as it take plat
olution GSP 827 spectrum analyzer (II'in et al., 2010). H® t some EVN observation sessions. Another possibility is terfil
experiment with correlator 16 MHz video convertors wereetlin 401 MHz signal in some way or protect IF equipment from this
on frequency 401.25 MHz. signal.

Result of the data processing presented on Fig. 4: com- Otherwise, in standard IVS sessions this low frequency
ponents of DORIS 401.25 MHz signal spectrum filled practisignal doesn't impact on observations because this signal i
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Ref Lyl -30.0 dBm

300

et al., 2010) looks more preferable, because of using daetra

atively narrow band amplifiers operating in RFI low levelicey

(On the other hand, such a solution provides limited polétis

for changing or tuning the frequency range of the receivers)
For the beginning, it is necessary to determine RFI free

bands taking into account very specific situation in obgeries

and RFI dynamic for a long period interval. These measurésnen

planned to begin at the near future.
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Fig. 3 Spectrogram of Svetloe S-band receiver IF signal

RFI and QUASAR network in the future

Now we can conclude that S-band receiver in QUASAR obser-
vatories substantially affected by RFI at the 2.15 GHz fezgpy
range.

At the end of 2010 Russian mobile operators announced in-
tentions to obtain frequency range 2.5-2.7 GHz for wide band
communication service. This can create problems for VLR®0
operating in low frequency range in the future. RFl — free fre
quency range will be narrower than expected or low frequency
end of this range will be moved to 3 GHz.

The impact of RFI on VLBI2010 discussed in many papers
(Ambrosini, 2009; Tuccari, 2009; Petrachenko, 2010) and it
not the end. Problems are more complicated than it can be seen
at first sight. One of them — how to combine demands of the
receiver low noise, wide frequency range and it high dynamic
range to ensure high linearity amplification of the signaid a
RFI received. Receiver design concept suggested in (FSid|



VLBI mapping of the globular cluster M15 - A pulsar proper
motion analysis

F. Kirsten, W. H. T. Vlemmings, M. Kramer, P. Freire, H. J. v. Langevelde

Abstract Here we present preliminary results of our on-goingf 3400 solar masses within the central 1 arcsecend{ 000
multi epoch global VLBI-campaign observing the globularssl  AU). The nature of this mass concentration is unknown, but it
ter M15. The aim of the project is to measure the proper motianay be composed of neutron stars (Baumgardt et al., 2003) or a
of the known pulsars in M15, and we search for so far undedectsntermediate-mass black hole (Gerssen et al., 2002). Miéss
compact radio sources. The observations also offer thenpotéo at least eight millisecond pulsars (MSPs, Sun et al., 2662
tial to provide further observational evidence for the tease of mate that M15 could host up to about 300 pulsars) and two brigh
the central intermediate mass black hole (IMBH). The olserviow mass X-ray binaries (LMXRBs). The proximity of the ma-
tions are conducted at a central frequency of 1.6 GHz with therity of the pulsars to the cluster center makes M15 a pringis
longest baselines spanning 7500 km. From the first three®f a target to study cluster dynamics. The most common way tg/stud
tal of six observation epochs we measure the proper motion mfilsar motion is through pulse timing. For millisecond {reed)
the strongest millisecond pulsars 15A and 15C and of the Iopulsars (MSPs) that have stable enough rotation period$esi a
mass X-ray binary (LMXB ) AC211 to ba}* = —2.884+0.04 milliseconds this technique reaches submilliarcsecordracy
mas/yr,u3sh = —2.1+0.2 mas/yr;uy® = —2.74+0.15 mas/yr, by measuring the pulse time of arrival (TOA). When modeling
p3* = —264 20 mas/yr; angi;<?t = —3.90+£0.06, uf?11 = the observed TOAs a large number of parameters need to be con-
4.1+ 1.1 maslyr, respectively. The positions and directions sfidered which sometimes are covariant with the proper motio
motion of the pulsars agree with the ones as extrapolated fro/ery long baseline interferometry (VLBI) measurementsyho
the values determined by Jacoby et al. (2006) within At our ~ ever, provide a model-independent, direct observationutsfap
noise level of about 3- 7 uJy we have found no evidence of amotion and, thereby, can lift the degeneracy between, hg.,
central IMBH at 1.6 GHz. orbital motion of a pulsar in a binary system and its overall m
tion on the sky. Thus, in the case of M15 our data contribudes t
the timing solution for the double neutron star system 15@€- F
Keywords Pulsars, Astrometry, VLBI thermore, high sensitivity VLBI campaigns with a large field
view (FOV) have the potential to find compact radio sources th
were missed by previous FFT-based pulsar searches bedause o
tight orbits, eclipses or shrouding by dense clouds caugeled
1 Introduction stellar wind of the companion star.
In the following | will describe our observing strategy and
the data reduction process. Afterwards, | will elaborateoan

The g|0bu|ar cluster M15 (NGC 7078) is a massive cluster @‘*eliminary results and the problems we encountered.
a distance of 1@+ 0.4 kpc. Its radial stellar density profile

shows a steep cusp towards the central arcsecond possibly in
dicating an advanced stage of core collapse. Dynamical imode

based on line-of-sight velocities and proper motions infarass 2 Observations and data reduction

F. Kirsten and W.H.T. Vlemmings )
Rheinische Friedrich-Wilhelms Universitat Bonn, AIfA,u The three observations presented here were conducted on 11

dem Hiigel 71, D-53121 Bonn, Germany November 2009, 7 March 2010, and 5 June 2010. These three
M. Kramer anc’1 P. Ereire ' and all following observations are correlated at the EVNMIk
Max-Planck-Institut fur Radioastronomie, Auf dem Hig8| D- correlator at JIVE (Schilizzi et al., 2001). The telescopes
53121 Bonn, Germany cluded are Jodrell Bank, Onsala, Westerbork, EffelsbermjpN
H.J.v. Langevelde Medicina, Toruh, the GBT, and Arecibo. The choice of tele-

Joint Institute for VLBI in Europe, Postbus 2, 7990 aascopes and of the central observing frequency of 1.6 GHz was
Dwingeloo, The Netherlands driven by the need for high angular resolution and high sensi
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Correlation lactic angle corrections are applied with the task CLCOReAf
center RA (2000.0) DEC (2000.0) wards we calculate first ionospheric corrections runninGOR
M15 (epoch 1 only) 21:29:58.3500 12:10:01.500 on the TEC mapspublished by the Center for Orbit Determi-
AC211 21:29:58.3120 12:10:02.679 nation in Europe. Further flagging of RFI is performed matyual
15C 21:30:01.2034 12:10:38.160 on all three pointing centers before running BPASS on tha dat
S1 21:29:51.9025 12:10:17.132 for 3C454.3 to obtain flat and continuous gain curves actuss t
VRTX1 21:29:56.3050 12:11:01.500 band for all antennas. We perform a manual fringe correction
VRTX2 21:29:56.3050 12:09:11.500 running FRINGE on 3C454.3 solving only for different delays
VRTX3 21:30:02.4410 12:09:11.500 in the electronics for each of the eight subbands and, tttairo

Table 1 Correlation centers throughout M15 used in all observa continuous phase curve across the eight subbands. Agplin

tion epochs after epoch one. The pointing center M15 which wsolutions obta_tined at th_is §tage we run FRINGE a second time o
also the correlation center in epoch 1 is also given the phase calibrator, this time solving for phase delayshade
rates simultaneously. The resulting solutions are appbeithe

M15 data and any remaining bad visibilities are flagged man-
ually after inspection. In order to eliminate any residubbge
tivity at the same time. A higher frequency would result in aglelays we take advantage of the aforementioned strongesourc
improved angular resolution but the steep spectrum of milsé1 and use it for in-beam calibration. An initial model of the
would render them undetectable. On the other hand, thergulsaource obtained through imaging with the task IMAGR is used
would be more easy to detect at a lower frequency but only for the task CALIB solving first for phases only. The found solu
the price of insufficient astrometric precision. tions are applied in another IMAGR run producing a new (bet-
Using only one Westerbork antenna, the FOV is constrainder) model of the source. With further improvement of the elod
by the Arecibo beam~f 2.5 arcmin). The FOV is thus large (higher SNR) we also solve for the amplitude to compute a final
enough to use the strong unclassified source S1 (Johnstors@ution table that is then combined with all previous oms &
al., 1991) located about 940 the west of the cluster center asmaster solution table.
in beam calibrator. In order to counteract time and bandwidt The largest possible size of an image supported by IMAGR
smearing degrading our sensitivity and astrometric piati®- is 16kx 16k pixels. At our angular resolution we aim for a pixel
wards the outer regions of the FOV we initially required an inscale of 1 mas/pixel which is why we have to divide our FOV
tegration time of 0.25 seconds and a spectral resolutiorl®f 5into a total of 15¢15 tiles. Therefore, before the actual imaging,
channels in each of the two polarizations and eight subsahd we run UVFIX shifting the correlation center in right ascems
16 MHz bandwidth. The size of the resulting dataset, howeveand declination by multiples of 13 arcseconds to ensurefa suf
proved to be unpractical such that observations after ep@rh cient overlap of the individual tiles. However, we will irstigate
still performed using only one pointing center but the dag amore optimal methods to maintain good astrometric pregisio
correlated at six different correlations centers througHd15 To speed up the imaging process we then average the data to 2
(Table 1). Therefore, the integration time and spectrallugimn  seconds integration time and 64 channels per IF.
could be reduced to 0.5 seconds and 128 channels, respgctive
resulting in six different overlapping tiles with a FOV f0.75
arcmin each. The blazar 3C454.3 serves as bandpass aalibrat
and is observed twice for about 10 minutes during each obsg- Results
vations, once at the beginning and once towards the end. The
quasar J2139+1423, located 3.13 degrees away from the point

ing center, is used as phase reference source and is obseted]! three epochs presented here, the high sensitivityeotiata
in an alternating fashion for roughly 1.2 minutes after eadh enabled us to detect two of the know MSPs, 15A and 15C, and

minute scan of M15. Altogether, the total integration tinre othe LMXB AC211 with SNR> 5. We have thus detected the

M15 amounts to about 3.6 hours in all three epochs, 85 (5gs)uble neutron star system 15C using VLBI for the fist time.
minutes of which Arecibo is included in epoch 1 (epoch 3). Th¥/e note, however, that 15C seems to perform a rather erratic
noise level in epochs 1 and 34s 3uJy. The synthesized beammovement from epoch 1 to epoch 2 (Fig. 2) which is inconsis-
sizes (RA<DEC) are 36 x 6.3 mas and B x 8.1 mas for epochs tent with the global movement of the cluster itself (Johnsto

1 and 3, respectively. Unfortunately, epoch 2 lacked thesifie al., 1991). In contrast, the apparent motion of 15A follow$5M

telescope and suffered from RFI which is why the rms isuJy @S expected (Fig. 1). Therefore, we conclude that 15C'sivela
and the beam size is®x 26.2 mas. change in position from epoch 1 to epoch 2 might be an artifact

All data is reduced, calibrated and imaged using the sofaused by inaccu_racies introduced when runni_ng UVFIX tfi shi
ware package AIPS First flagging of band edges and off-sourcéh€ (u,v,w) coordinates out to large angular distances fiioen
times as well as system temperature and gain curve comscti®figinal correlation center. The fact that the correlatenter in

are provided by the EVN pipeliR@nd are applied as such. Paral£P0ch 1 was- 0.94' away from the position of 15C whereas 15A
is located within 15" of the core of M15 indicates that the po-

- sitional accuracy is degraded when running UVFIX out todarg
Lhttp://ww. ai ps. nrao. edu/ angular distances in epoch 1 (Morgan et al., 2011). Thisnoti
2 http://ww. evl bi . org/ pi pel i ne/ user\
_expts. htm 3 downloaded fronf t p: / / f t p. uni be. ch/ ai ub/ CODE/
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Ha Hs 5 Appendix

Source  [masl/yr] [maslyr]
15A -2.88+0.04 —2.1+0.2

15C -2.74+0.15 -26+20
AC211 -3.90+0.06 41+11

Table 2 Proper motion results from the first three observation
epochs.

is supported by the fact that as of epoch 2 where one cowoglati
center coincides with 15C’s tabulated position (Table &)tk
nary system follows the global motion of the cluster. Henee,
ignore the position of 15C in epoch 1 for the analysis. As a re-
sult, the proper motion for 15C carries a very large errothin
case of AC211 we observe a bipolar structure in epoch 3 (Fig.
3) which is still under investigation. For the proper moti@n
sults presented here we, thus, excluded epoch 3 from thgsimal
for AC211. The deduced proper motions of all three sources ar
summarized in Table 2 wheye, and s denote proper motion

in right ascension and declination, respectively.

4 Conclusions

ADEC / mas

Jacoby 06
- Jacoby 06, 1o

ARA / mas

Fig. 1 Relative change in position for MSP 15A. The solid (dot-

We have shown that it is possible to determine pulsar projer nfed) lines indicate the position extrapolated with the prapo-
tions in a globular cluster with high precision using gloaBl.  tion (1o error) as determined by Jacoby et al. (2006).

However, we have encountered problems with failing telpsso
and still need to investigate how to fix the positional inaecies

in running UVFIX in order be able to use this data in the analy-
sis. To meet all our goals we still need to wait for the renraini
observations to be carried out and correlated.
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Fig. 2 Relative change in position for the double neutron star
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trapolated with the proper motion ¢lerror) as determined by
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Fig. 3 Relative change in position for AC211. The bipolar struc-
ture observed in epoch 3 is still under investigation.



Estimation of Solar system acceleration from VLBI

Sergey Kurdubov

Abstract The estimation of Solar system acceleration fron2 Data processing

VLBI-observations was obtained. Obtained value compariéud w

ﬂ;gbr:ﬁ;gi ;)tfmoet:te:)fa ?ﬁzo\r/ia?ﬂgf;aﬂgﬁ ngigfgn;i?:\:vbgréWe add new parameter Earth velocity in the LSC model and pro-
?he esti r# ated value of acceleration vegcm& (4.7+05)- cess VLBI observations with the QUASAR software (Gubanov
10~1%m/<? in directionar = 288+5,5 =0+5 signifi.cantl)} dif- "’?'" 2007). The 6,353,387 delays have been processgﬂefort
fers from the theoretical one but comparable with the other rperlod Auggst_1979 - October 2009. We use the following pa-
sults. rameterization:

1. Asthe global parameters: coordinate and velocity of the s
tions (141 stations total, 14 with discontinuous), cocatis
of radio sources (3009 sources total) and linear trend of the
Earth velocity.
2. Arc parameters include: EOP, a linear trend of the wet tro-
. pospheric delay (WzD), tropospheric gradients, quadratic
1 Introduction trends of clock offsets.

3. Stochastic (diurnal) parameters are: UT1-UTC, stoahast
component of WZD and clock offset. Minimal constraints
was used for fixing the frames: for the CRF no-net-rotation
with respect to the 203 defining sources of ICRF-Ext.2 cata-
logue; for the TRF no-net-rotation and no-net-translatmn
the 11 stations from ITRF2005 catalogue.

Keywords VLBI, solar system motion

The phenomenon of secular aberration is not currently atedu

in the reduction model of VLBI observations. Cataloguesef e
tragalactic radio sources includes aberration bias dueagem
ment of the solar system in the galaxy. However, as noted by
many authors this effect can be estimated from continuolBIVL
observations. The theoretical value of the acceleratiab@ut
2-101°%m/<? in the case of circular motion of the solar system
in the Galaxy (Walter and Sovers, 2000; Kopeikin and Makarov
2006). There are various options for the solution (Titoi@g): 3 Results

1. The construction and subsequent analysis of the radiceou
positions time series (used in Popova, 2009). Velocity of the Earth was included in the global solutiongrar

2. Presentation of a systematic shift of the radio sourcé po§ters set in the form of a linear trend. Offset componenteeorr
tions in the form of expansions and estimation the paran§Ponds to the uncertainty of the zero point for the estimatio
eters of these expansions in VLBI global solution (used ifcceleration and depends on the CRF constraints of fixing the

Titov, 2010a,b; Titov et al., 2010). origin and distribution of observations. Rate of the velp@iill
3. Addition of new parameter Solar System acceleration i?ﬁ‘ required acceleration. Two solutions were calculatextder
VLBI observations model. (used in this paper) to estimate the impact of radio source coordinate and thsilfles

impact of conditions on the estimated acceleration.

1. With fixed source positions the following values of accele
ation were obtained:

ax=—1.9+0.2-10 1%m/s?,
Sergey Kurdubov a,=-42+02 1O‘l°m/52,

Institute of Applied Astronomy RAS, naberezhnaya Kutuzova 10
10, Saint-Petersbug, Russia a,=—02+04-10 m/s".
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2. With estimation of source positions the following valwads
acceleration were obtained:

ax=—15+0.2-10 1%m/s?,

ay = —4.4+0.2-10 Pm/<,
a;=—0.1+0.4-10"%m/<.

One can see the errors of radio source positions had lifdetef
on estimated acceleration. In what follows we shall consike
estimate obtained with the coordinates. After transfoiomato
the equatorial coordinates it corresponds to absolutdezation
a=(4.74+0.5)-101%m/s? and direction to the poird = 288+
5,6=0+5.

4 Discussion

Obtained value #m/<? significantly differs from the theoretical
result for the circular motion of the Sun in the Galaxy. Ittty
consistent with results obtained by the first method ancepites!
in Titov (2010a,b) (13.1 microseconds of arc per year, whimh
responds to about-80-1%m/s?) and new result presented in [7]
(5.8=+1.4 microseconds of arc per year (aboul8 °m/s?) di-
rected towardsr = 266+ 8, d = —18+ 18). The time series of
source positions obtained by different analysis centers wsed
in Popova (2009) to estimate the acceleration and res@tsig+
nificantly different for different series, which may indteathat
the time-series analysis is not suitable to solve the proplee-
cause in each session, the coordinates of the radio sourdseca
obtained only on a set of others, participated in the sessoh
thus the effects of global displacements may be lost.
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Use of GNSS-derived TEC maps for VLBI observations

C. Tierno Ros, J. Bohm, H. Schuh

Abstract The ionospheric delay makes up a large fraction afcted from VLBI geodetic measurements by observing at two
observed VLBI group delays; it depends on the total number &kquency bands, usually S-band (2.3 GHz) and X-band (8.4
free electrons (TEC) along the ray path. Usually, a comeatan GHz), and using the relationship that propagation delayién
be applied by making simultaneous observations in both 8- aionosphere are - to the first order - proportional to the iswer
X-band. However, this is not always possible. For such ¢ékes square of the wave frequency (Kondo, 1991).
alternative of calculating the ionospheric correctiomfrGlobal Global Navigation Satellite Systems (GNSS) total electron
Navigation Satellite Systems (GNSS) TEC maps is studied. @ontent (TEC) maps are representing the TEC values over the
comparison of the ionospheric correction obtained froml-duavhole globe determined from GNSS observations. The iono-
band VLBI observations and from GNSS TEC maps is showsphere is treated in these maps as a thin spherical shelpata s
and first results of ionospheric corrections derived fromSSN ified height (usually 400 or 450 km). Such maps exist sincé3199
applied to VLBI are presented. and have a latitude/longitude resolution of 2.5/5.0 degjesecan
be seen in Figure 1 which gives an example of the ionosphere
map provided by one analysis center (Center for Orbit Deter-
Keywords lonosphere, GNSS-derived TEC map, VLBI mination in Europe, CODE) of the International GNSS Service
(IGS). Each daily file includes 13 ionosphere maps, staftomg
0:00 to 24:00 hours, thus each map covers a 2 hours period (Gor
don, 2010). The routine generation of these Global lonagsphe
1 Introduction Maps (GIMs) is currently done at four analysis centers of the
IGS, more details about the different techniques they uséea
] ) ) ~ found in Schaer (1999); Feltens (1998); Mannucci et al. §199
The ionosphere is a portion of the upper atmosphere; it iS €Xfd Hernandez-Pajares et al. (1999). The analysis cerders
tended from about 60 km to 2000 km and has the characteristig their products to the IGS lonosphere Product Coordinato
that_the_ partlcle_s_the_re can be easily ionized by solar tiadige- |4 produces a weighted combined product (Hemandezdaja
sulting in a positive ion and a free electron. The structdrthe al., 2009). The accuracy of the maps is between 2 to 8 TECU

ionosphere and its peak electron density vary strongly tiitb, (http://igsch.jpl.nasa.gov/components/prods. html).
geographic location, and certain solar and geomagnetiareis

bances. The ionosphere is divided in four regions (D, E, Kl an

F2) with different daytime characteristics like extent adc-

tron density. The main concentration of electrons is frord 30,

to 400 km height (F2 layer). The D and F1 regions vanish 5 Procedure followed

night and the E region becomes much weaker. The F2 region

persists though at a reduced intensity. Radio signalsltimye In this work, ionospheric delay corrections have been com-

through the ionosphere suffer a delay caused by the numberpeited from CODE GIMs (they are the only ones including data

free electrons within the ray path (Slant Total Electron ol from GLONASS, (they are the only ones including data from

STEC). This effect is called ionosphere refraction and baset GLONASS, Hernandez-Pajares et al., 2009) for CONTO5, a two

considered when determining the propagation velocitygiialis week campaign of continuous VLBI sessions with 11 stations

of all space geodetic techniques operating in microwaved ba(Fig. 2) taking part that took place from 12th to 27th Septemb

(Alizadeh et al., 2011). The ionospheric delay is directly-c 2005. The procedure followed to calculate the ionosphesiayd
corrections has been:

Claudia Tierno Ros, Johannes Bohm, Harald Schuh
Institute of Geodesy and Geophysics, Vienna UniversityeahF
nology, GuRBhausstral3e 27-29, 1040 Wien, Austria.
claudia.ros@tuwien.ac.at

1. Calculation of azimuth and elevation from antenna to guas
for all observations in the VLBI observation file (in NGS
format).
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3 Evaluation of results before adjustment
with Vievs !

In figure 3 we can see plots of both corrections (VLBI and
GNSS) which obviously contain an offset. It is due to diffare
signal paths of the X- and S-band systems at the radio tglesco
(Gordon, 2010). However, this offset is not affecting thpuatd
ment with VieVS, since it is a constant value for each station
which is included in the clock offset parameters estimated f
each VLBI station. Optimally, interpolation lines of VLBbmno-
sphere delay correction vs. GNSS ionosphere delay cavrecti
(Fig. 4) should have slopes of 1.0 (Gordon, 2010). For CONT05
from 592 analysed baselines 86% have slopes from 0.8 to 1.2.

Fig. 1 Example of CODE GNSS TEC maps, 00:00gi5pes outside these values are mostly due to the fact tht th
UT for day 089, 2011. Source: CODE HOmepagee only few observations of the baseline.

http://aiuws.unibe.ch/ionosphere/

NYALES20,,
SGILCREEK.

: ONsALA60, ¢SVETLOE

ALGOPARK , WETTZELL ;. x

“WESTFORD! TSUKUBS2,

oKOKEE

HARTRAO®
TIGOCONC,

Fig. 2 Stations involved in the CONTO05 campaign. Source: IVSZ'

Homepage http://ivscc.gsfc.nasa.gov/

2. Calculation of latitude and longitude of the lonospheric

Pierce Point (IPP, intersection between ionospheric lagdr
ray path).
3. Interpolation of VTEC value for the IPP from GIM.

4. Calculation of Slant TEC (STEC) values with help of a map-

ping function (eq. 1).

M(zd) — - o)
1— [Refh * sin(zd)]?
STEC=VTECxM(zd) @)

M(zd)... mapping function

zd.. zenith distance

Re.. radius of the Earth

h... height of the ionospheric layer

4 Evaluation of results after adjustment
with VieVS

The CONTO5 sessions have been adjusted with VieVS using
NNR/NNT conditions for the station coordinates. Three 1S
of this adjustment have been carried out:

1. Using the VLBI ionosphere delay correction, included in

NGS file.

Using the GNSS ionosphere delay correction, calculated

from GIM.

3. Setting the correction to 0, in order to have a second-refer
ence value for the evaluation of the GNSS correction.

In the following two adjustment solutions will be compared:

1. Firstsolution: itis meant to remove large clock offsedses,

and quadratic terms for numerical reasons. Together wéth th

clocks, also constant zenith delays per station are egtinat

but these troposphere delays are not removed from the ob-

servations. This solution is important because the passibl

mistakes done in the ionospheric correction will not be by

mistake included in any other error.

2. Second solution: it estimates and removes clock parasnete
every 60 minutes, constant zenith wet delays every 30 min-
utes and north and east gradients every 6 hours.

Figures 5and 6 show the? (equation 3) of both solutions
for each sessiory? is a statistical test about the goodness of the
fit between the observed and the expected data. The smadler th
value ofx?2 is, the better the fit is.

T
2 VPv

T n—u

(©)

v...corrections
P...weights

1VieVS is the Vienna VLBI data analysis software that has been
developed at the Institute of Geodesy and Geophysics, ®ienn
University of Technology, since 2008 (Nilsson et al., 2011)



116

Tierno Ros et al.

lonospheric corection BaselineGILCREEK toHARTRAOday:12

05 /

lonospheric correction (ns)
S
-

lonospheric correction (ns)

ff\\ : -
o-/ f“\f\/ il |

2

)

lonospheric correction (ns)
o
2
8

b
Q
=]

VLB ionospheric correction {ns) ¥LBI ionosphetic correction (ns)

VLB ionospheric correction {ns)

o8

VLBI vs GNSS BaselineGILCREEK toHARTRAOday: 12

. . .
02 0 02 04 06 08 1
GNSS ionospheric correction (ns)

VLBI vs GNSS BaselineALGOPARK {cKOKEEday:18

0.2 [} 0.2 04 0.6 08 1 1.2 1.4 16

GNSS ionospheric correction (ns)

VLBI vs GNSS BaselineALGOPARK toWESTFORDday:25

-0.06 -0.04 -0.02 [} 0.02 0.04 0.06 0.08 0.1

GNSS ionospheric correction (ns)

Fig. 3 VLBI and GNSS ionospheric delay corrections (nanoseckig. 4 VLBI (y-axis) vs GNSS (x-axis) ionospheric delay cor-
rections (nanosec). The continuous line is obtained bypota-
tion between both corrections and the dashed line has a sfope
1.0 for reference.

n...number of observations
u...number of unknown parameters

Figure 7 shows the exponential trendline of the baseline rés. GNSS ionosphere delay correction should have slope®of 1
peatability. In all three cases the GNSS correction hasigiedv (Gordon, 2010) but usually they take values from 0.8 to T'Rjs

better results than the 0 correction and worse results than {S due to the fact that the X/S ionosphere values are instaates
direct measurements while the GNSS ionosphere values suffe

from low spatial and temporal resolution (Gordon, 2010)wHo
ever, the application of GNSS-derived TEC maps on VLBI ob-
servations provides a good approximation to the originaBVL
ionosphere values and could be used in case of lack of VLBI
ionosphere values or when the measurements are done oa singl
frequency.
There are some differences between VLBI and GNSS ionosphere

VLBI correction, as expected.

5 Conclusions

values (interpolation lines of VLBI ionosphere delay cotien
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chi2 of first solution

M. M. Alizadeh, H. Schuh, S. Todorova, M. Schmidt.

Fig. 5 x2 of 1st solution (see text) for CONTO5 sessions W|th
different types of ionospheric delay correction.

chi2 of second solution
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Fig. 6 x2 of 2nd solution (see text) for CONTO5 sessions with\. J. Mannucci,

different types of ionospheric delay correction.

Baseline repeatability

WEST-ALGO
SYET-WETT
KOKE-HART

SVEF-TIGO

Fig. 7 Baseline repeatability (in meters) for CONTO5 sessions

with different types of ionospheric delay correction.
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Terrestrial reference frame solution with the Vienna VLBI
Software VieVS and implication of tropospheric gradient
estimation

H. Spicakova, L. Plank, T. Nilsson, J. Béhm, H. Schuh

Abstract The Vienna VLBI Software (VieVS) has been devel-northern hemisphere observes in south direction than ibitld/
oped at the Institute of Geodesy and Geophysics of TU Vienmdserve towards north. We investigate the optimum pardraetr
since 2008. In this paper we present the determination dfithe tion for the gradient estimation in the VLBI analysis and how
enna Terrestrial Reference Frame (VieTRF10) with VieV&gisi much station coordinates are affected if we would negleist th
all suitable VLBI sessions from 1984.0 to 2011.0, and we conphenomenon.

pare it to the IVS combined solution (VTRF2008). We focus on

horizontal tropospheric gradients which influence the TRF d

termination and we show the effect of tropospheric gradient

station height and north-south components. The necedsity-o 2 \/jeTRF10

ing absolute constraints when estimating tropospheridignas

in sessions before 1990 is visible from the coordinate tienies.
VieTRF10 is a terrestrial reference frame including 62istet

(see Fig. 1) estimated by a combination of datum-free NEQs of
Keywords VieVS, TRF, tropospheric gradients 3580 VLBI sessions from 1984.0 to 2011.0 produced by the Vi-
enna VLBI Software VieVS. We included only sessions with
more than two stations and if the a posteriori sigma of unit
weight obtained from a single-session adjustment was less t
1 Introduction two. In TabI(_e 1 sele_cted_ modgli_ng and_ parametrization aptio
are summarized. With VieVS it is possible to create datupe-fr
NEQs containing station coordinates, Earth orientaticaupa-
A Terrestrial Reference Frame (TRF) is a set of points (e.gers (EOP), source coordinates, clock parameters, zewitiley
geodetic markers) on the Earth surface with precisely oeted  |ays (zwd), and tropospheric gradients. These are storegh in
coordinates in a specific coordinate system. The Intemalio internal format for further use with a module vigob which al-
VLBI Service for Geodesy and Astrometry (IVS) provides a soows stacking of the NEQs and estimating parameters from mul
lution of the Terrestrial Reference Frame based on Very Loniple VLBI sessions in a so-called global solution. For VRATL0
Baseline Interferometry (VLBI) observations. The recemiiza- we fixed the source coordinates to ICRF2 values (Fey et al.,
tion (VTRF2008) is an IVS combined solution computed fron2009). All Earth orientation parameters, together witlcklpa-
normal equation systems (NEQs) provided by seven IVS aisalysameters, zwd and tropospheric gradients were sessiaveis
centers including data from 1979.7 to 2009.0 (Bockmanri. et aduced from the NEQs. We also reduced session-wise cooedinat
2010). We present in this paper a new TRF solution called Vbf stations which participated in less than 10 sessionsr{yai
eTRF10 computed with the software VieVS (Bohm et al., 201Xtations occupied with mobile antennas) which usually Had o
and make comparisons with respect to VTRF2008. serving time of less than three years, what is not sufficient t
We focus on the estimation of horizontal tropospheric grasstimate reliable velocities. Exceptions were statioasgd in a
dients in the VLBI analysis. The extension of atmospherevabovicinity of another station with longer observation histawhere
the equator is larger than in the polar regions. This atmarsph the velocities were constrained to each other (Richmond-- Mi
bulge is responsible for a systematic effect in the measiimezl  ami20, Wettzell - Tigowtzl, Kashima - Kashima34, Hobart26 -
delay mainly in north-south direction because the path@féh Hobart12, and Yebes - Yebes40m). The resulting singldéesess
dio wave through the atmosphere is larger if an antenna in thREQs containing positions and velocities were than stackiael
datum definition was done by applying no-net-translatiod an

Hana Spicakova, Lucia Plank, Tobias Nilsson, JohannesrBoH10-net-rotation conditions w.r.t. VTRF2008 on 22 stationth
and Harald Schuh a long time history and good global distribution (i.e., Abgok,

Vienna University of Technology, Institute of Geodesy arebg BR-VLBA, DSS45, FD-VLBA, Fortleza, HartRAO, Hobart26,
physics, GuRhausstraRe 27-29, A-1040 Wien, Austria Kashim34, Kashima, Kokee, LA-VLBA, Matera, MK-VLBA,
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Fig. 2 Horizontal and vertical position differences at epoch
2000.0 between VieTRF10 and VTRF2008. Only differences for

1
i
M1 1 T 1 I ST R

¢ R e =0 stations participating in more than 30 sessions are plotted
Fig. 1 Overview of participation of stations in VLBI sessions stations participated
used for VieTRF10 determination. Helmert in > 30 sessions
parameter§22 datum statiods (see Figure 2)
except Hr, Zc, Bd
NL-VLBA, NRAOS5_3, NyAles20, Onsala60, Richmond, SC- Tx[mm] || 0.01+0.44 0.23+ 0.40
VLBA, Seshan25, Westford, and Wettzell). Figure 2 shows the Ty [mm] 0.03+0.44 -0.14+0.39
differences in vertical and horizontal components betwdien Tz[mm] | -0.07+0.42 -0.3940.38
eTRF10 and VTRF2008 at epoch 2000.0 for 46 stations which Rx[mas] || -0.00 0.02 -0.00+ 0.01
participated in more than 30 sessions. Larger differenaashe Ry [mas] || -0.00+ 0.02 0.03+ 0.02
observed mainly at three stations. At Zelenchukskaya (@a$- Rz [mas] || 0.00+0.02 -0.03+ 0.01
sia) and Badary ((Bd), Russia) it is probably due to the thett Scale [mm][ 0.15+ 0.42 0.26+ 0.38

these stations started their observations in 2006.0 antl20@-  1.p1e > Helmert parameters for the transformation between
spectively, so that VTRF2008 includes only two years of é@ta \;oTRE10 and VTRF2008 (VTRF2008-VieTRF10) at epoch
Zelenchukskaya and a few months for Badary. For VieTRF10 thg)yq

time span was longer by two years and we can assume, that the

estimation of positions for these two stations is therefome

stable. The third station HRA885 ((Hr), Texas, USA) observed . . .

only in the early years within networks with poor geometrgan3 Horizontal Tropospheric Gradients

stopped observations in 1990. In that time unusual appatent

tion motions of HRAS085 were an often discussed 0pen queSrpe a7imyth-dependent part of the neutral atmosphere delay
tion which never could be ar_lswered. In terms of _RMS the agreg . measured by VLBI antennas can be expressed by:

ment between these TRFs is 6.8 mm for the height components

and 7.0 mm for the horizontal differences over all 46 statiah

epoch 2000.0. By excluding Hr, Zc, and Bd from the compari-ALazim(ays) =my(€) x [Gn-coga) + Ge-sin(a)] 1)

son the RMS decreases to 1.8 mm for height as well as horizonta

components. Another comparison was done in terms of Helmert whereg is the elevation angley the azimuth angleG, and
parameters for the transformation from VieTRF10 to VTRFR200G, the components of the horizontal gradient vector, agds

at epoch 2000.0. In Table 2 the results for two different séts the gradient mapping function. To test the hypothesis ttraba
stations are listed. The first column shows the Helmert paransphere asymmetry causes a systematic effect on the esdimate
ters for the transformation between stations used for dakefm station coordinates, we ran three test solutions (Tab. 3):

inition. In the second column a network with all stations-par ) ) ) .

ticipating in more than 30 sessions (see Fig. 2), excefibagat 1. Inthe first solution we fixed the_asym_metnc part to zero and
Hr, Zc and Bd, is used. The differences between these two net- neglected the atmosphere gradients in the VLBI analysis.
works are very small and for both sets of stations we see a godd 1 he @Symmetric part was a priori set to zero, and the compo-

agreement between VieTRF10 and VTRF2008 as the Helmert N€NtSGn andGe of the horizontal gradient vector were esti-
parameters are not significantly different from zero. mated in the least-squares analysis with relative comsésrai
(0.5 mm/6 h) to stabilize the NEQs.

3. The parametrization was identical to solution 2 with addi
tional absolute constraints (0.5 mm) applied@nandGe.

In Figure 3 session-wise estimated gradients at statiort-Wes
ford from 1984.0 till 2011.0 are plotted. Gradients fromusol
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some modeling options

TRF VTRF2008 a priori
CRF ICRF2 fixed
EOP C04 05, IERS2003 (McCarthy and Petit, 2004)
precession/nutation mode| IAU2000A
solid Earth tides IERS2003
pole tides linear model, IERS2003
ocean tidal loading FES2004 (Lyard et al., 2006)
atmosphere loading (Petrov and Boy, 2004)
a priori tropospheric gradieﬁ S DAO (MacMillan and Ma, 1997)
mapping functions VMF1 (Bohm et al., 2006)

some options for parametrization

clock parameters 60 min piece-wise linear (pwl) offsets (relative consttsid2 ps) + rate + quadratic term
zenith wet delay 30 min pwil offsets (relative constraints: 35 ps)
tropospheric gradients 6 h pwl offsets (relative constraints: 0.5 mm + absolute traigs: 1 mm)
EOP 24 h pwil offsets (relative constraints: 0.0001 mas for polation and precession/nutation,

and 0.0001 ms for UT1)

Table 1 Overview of selected modeling and parametrization optiwesl for VLBI data processing for the estimation of the
VieTRF10.

relative | absolute

estimation of gradientsonstraintsconstraints 4
solution 1 no - - T
solution 2 yes, 6-h offsets 0.5 mm no S gl=.
solution 3 yes, 6-h offsets 0.5mm | 0.5mm "4 ol
Table 3 Overview of the three solutions with different gradient b ‘ ‘ : ‘
handling. ibes 1990 2000 2010

Tosa 1990 2000 2010

north grad. [cm]

Fig. 4 Difference in station coordinates (height and north com-
ponent) at station Westford for solution 2 (light grey) antus
tion 3 (black) w.r.t. solution 1. Bold lines are smoothedues
over 100 days.

©
)

east grad. [cm]
o

“Oes 1990 2000 2010 the early VLBI years. After 1990 the values for the north gra-
dients reach systematically negative values, which refléu
gll_mospheric bulge above the equator since Westford isiarstat
in the northern hemisphere. Figure 4 shows the correspgndin
Sestimates of station positions (height and north compgrent
station Westford for solution 2 (light grey) and solutiorbBack)
w.r.t. to station positions estimated in solution 1. Thetabke
gradient determination in solution 2 in the early years atsaws
tion 2 are plotted in light grey and from solution 3 in blackyp in the station estimates and can reach a few centimetace S
It can be seen, that before 1990 the determination of greadien 9o there is a good agreement between the station coeslinat
without applying absolute constraints in the least-squaral- if gradients were estimated with or without absolute caists
ysis is very unreliable. This is most probably due to the limand the difference to solution 1 (neglection of the tropesph
ited number of observations and the poor network geometry iymmetry) reaches several millimeters. Mean values oéshe

Fig. 3 Total session-wise estimated gradients at station We
ford. In light grey gradients from solution 2 are plottedpiack
from solution 3. Bold lines are smoothed values over 100 day
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Fig. 5 Global map with mean values over 1990.0 - 2011.0 fc —00° —a5° 0° 45° 90°
total tropospheric gradients from solution 2 (light gregdlaolu- latitude
tion 3 (black). Plotted are stations that participated irrgrtban )
20 sessions. Fig. 6 Mean values over 1990.0 - 2011.0 for height and north

component of stations participated in more than 20 sessions
sorted by latitude. Solution 2 (light grey) and solution Bagik)

. . . are plotted w.r.t. solution 1.
timated gradients over 1990.0 - 2011.0 from solutions 2 afod 3 P

all stations participating in more than 20 sessions are shiow

Figure 5. At all stations the north-south component of tbpdr

spheric gradient vectors points towards the equator. Therun shown that handling and estimation of tropospheric graslien
strained gradients from solution 2 are larger at all sitesoim-  the VLBI analysis has to be done carefully, especially fa th
parison with solution 3, and the largest differences betwhese €arly VLBI years where networks with only few stations and
two solutions occur at stations Santial2 (Chile) and NRAG85a small number of observations do not allow reliable gradien
(West Virginia, USA) which observed only in the 90ies. Sias  €stimation without using absolute constraints.

CTVA St. John's (Canada) and Urumgi (China) show also larger

differences what is most probably caused by the small number

of observations. The corresponding mean values of the atgtan

station heights and north components are plotted in Figufeé 5 Acknowledgements

stations are sorted on the x-axis by latitude. The estimaded
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Common Realization of Terrestrial and Celestial Reference

M. Seitz, R. Heinkelmann, P. Steigenberger, T. Artz

Frame

Abstract The realization of the International Celestial Referencd Introduction and Motivation

System (ICRS) and the International Terrestrial Refere3ys
tem (ITRS) is performed separately today. As a consequénee
two computed reference frames are not fully consistent #sawe
the EOP series derived accordingly. Differences exist énrbt-

work geometry, the realization of the scale, and the EORSer
The paper shows the first results of a consistent computafion
CRF, TRF, and the EOP series linking both frames. The CRF

slightly influenced by the combination in two different waby

the combination of the EOP and by the combination of the st

tion networks. It is shown that both effects are small. THeatf

of combining the station networks — mainly driven by the mis:

fits between local ties and results of space geodetic techsig

reaches up to 2 mas, but is much smaller for most of the saurc
The mean difference is about L@s. However, a clear but small
systematic can be seen. The combination of the EOP lead a&'so

to small changes in the source positions. Sources closeeto
celestial south pole are affected by a maximumtdf mas. A

further systematic effect(0.5 mas in maximum) is detected for

some of the sources with declinations between abod6. The

reasons are not known. The integral impact of the combinati

on the CRF is small and not significant w.r.t. the axis stgbili

(10 pas) and the noise floor (40as) of ICRF2.

Keywords CRF- TRF - EOP- combination- VLBI - GNSS-
SLR
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1

Today, the International Terrestrial and the Internatidbeles-
tial Reference System, ITRS and ICRS, respectively, atezegh

.separately by applying two individual computation methaks

a consequence, the corresponding reference frames andrthe E
(IDSrientation Parameters (EOP), which are also estimatedtim b
realizations, are not completely consistent. The left giajof
g_ig. (2) illustrates the situation as it stands today. Wthikecom-
putation of the International Celestial Reference FrardRf)
is based on VLBI (Very Long Baseline Interferometry) observ
tions only, the International Terrestrial Reference FrgfmgF)
is computed from a combination of the observation data of dif
ﬁesrent space geodetic techniques, namely VLBI, SLR (Stell
aser Ranging), GNSS (Global Navigation Satellite Sysj)ems
nd DORIS (Doppler Orbitography and Radiopositioning 4nte
grated by Satellite).

Even if consistency w.r.t. origin and orientation betweles t
VLBI-only TRF (VTRF) — which is estimated simultaneously
with the ICRF — and the ITRF is achieved by aligning the VTRF

?o the ITRF, inconsistencies between the two realizatiomist:e

(i) the VLBI station networks of both realizations differnt. the
scale, as the ITRF scale is derived from VLBI and SLR observa-
tions while the VTRF scale is derived from VLBI only, (ii) the
station networks differ w.r.t. network geometry, as it igistly
changed by the combination, (iii) the EOP series differ ifign
cantly, as the one from ICRF computation is derived from VLBI
only, while the EOP series which corresponds to the ITRF is a
combined series. In order to achieve full consistency, aidm-
eters — station coordinates, source positions and the EOlst m
be adjusted together. In the right part of Fig. (1) the coratioi
strategy for such a consistent realization is shown. Thgroaf

the combined TRF is derived from SLR and the scale from SLR
and VLBI as it is conventional for the ITRF computation (IERS
2010). In order to avoid a deformation of the network, the ori
entation of the frames can be realized by no-net-rotatiddRIN
conditions w.r.t. a priori reference frames, e.g. DTRF2(®Bé&tz

et al., 2011) and ICRF2 (IERS, 2009). In this paper a first con-
sistent realization of both reference systems is preseartddhe
effect of the combination on the relevant parameters, ésihec
on the CREF, is studied.

123



124 Seitz et al.

<« fixed session-wise
ICRF ICRF .
- < consistentwirt, - fixed ICRF
T datum and geometry T
""""" i < !
? ithesame l @
alligned NNR l
—_—tr 5
- ,consistent”w.r.t. TP origin: SLR

NNR
origin, orientation Scale: SLR and VLBI ITRF Origin: SLR
but not w.rt. scale and Scale: SLR and VLBI

geometry

NNR
NNT

Fig. 1 Current situation for ITRS and ITRS realization (left) anfliy consistent realization (right)

2 Input data 3 Computation strategy

The input data are time series of daily GPS, weekly SLRhe computation strategy applied for the analysis and coaabi

and session-wise VLBI normal equations covering 13, 14 arihn of the data is shown in Fig. (2). The input series areyaal

23 years, respectively. They are provided by different Germ with respect to discontinuities and outliers. Therefortjally

geodetic institutions, within the framework of the proj&®0S- all the normal equations (NEQ) are solved and solution tiee s
D (Rothacher et al., 2011). The project aims on the congistemes are generated. The NEQ are prepared for the combination

computation of reference frames and geodetic parametees seby setting up station velocities as new parameters andftriamns

from space geodetic techniques, striving for a very highuaccing the VLBI EOP to 0 UT epochs. Considering the detected
racy and consistency of the resulting parameters. Tablgi¥é discontinuities and outliers, the NEQ are combined to on@NE

an overview about the input data. per technique. In a second processing step the NEQ of the dif-
ferent techniques are combined. Common parameters, wigch a
combined, are the station coordinates and the EOP. As the ob-

Table 1 Input data servations of different space geodetic techniques ardlysua

related to common reference points, terrestrial diffeeerectors

(so called "local ties”) are introduced as pseudo-obsemat

VLBI 1984-2007 session-wise (24h) combined: DGFI+IGG into the combination in order to link the station networkstuf

GPS 1994-2007 daily GFZ different techniques. Thus, so called co-location sitdwre dif-

SLR 1993-2007 weekly DGEI ferent techniques are operated close to each other, arérmery
portant. Figure (3) shows the global distribution of theduse-
location sites. Different from station positions, statiehocities
and EOP can be combined directly by adding the corresponding

&QEQ elements.

time span resolution institutions

Table (2) shows which kind of parameters can be deriv
from the individual techniques. Including coordinatestafisns

and sources and the EOP series, altogether about 45,000-para el T o
eters are estimated. 24-nNEQ | weeklyNEQ | daily NEQ

Combination to one NEQ per technique
« analysis of parameter time series
. . - * set f stati lociti d di tinuities if
Table 2 Parameters of the combined solutions as derived from  rotntnmmEhEOABIEGE.
the individual techniques. Brackets mean that not the petram
in an absolute sense can be derived but the first derivativ@e

(o] q! pecific NEQ
« Combination of station positions

« Combination of station velocities and EOP
+ Realization of the geodetic datum

« Estimation of variance factors

VLBI SLR GPS

station coordinates  x X X
source coordinates  x

terrestrial pole X X X v

celestial pole X x)

UT1-UTC X X)) X

origin X Fig. 2 Computation strategy for ICRS-ITRS realization
scale X X

The geodetic datum of the TRF is realized in accordance to
the IERS Conventions (IERS, 2010). The origin is realized by
SLR observations, the scale is realized as a weighted mean of
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VLBI and SLR contributions and the orientation is given by no5 Discussion of the results
net-rotation conditions w.r.t. a previous reference framehis
case the DTRF2008 (Seitz et al., 2011). The orientation ef t
CRF is realized applying no-net-rotation conditions WERF2.
Stable sources according to Feissel et al. (2006) are used
the generation of the condition equations. A more detailed d
scription of the computation strategy is given in Rothadteal.
(2011).

r1‘he VLBI-only solution includes the positions of 2378 sasc
‘{he mean weighted differences of source coordinates w.r.t.
I8RF2 are small (53:as in declination (DE) and Bas in right
ascension (RAos(DE))) and show no systematics. The differ-
ences for the stable sources are smaller: 41 apa@d, respec-
tively. The solution is used in the following for comparison
Figure (4) shows the differences in DE and Rés(DE) of

o o the 3 CRF-TRF solutions w.r.t. the VLBI-only solution. Cags
ering all sources, the mean weighted difference is smdiim t

o : I 10 pas for DE and about fuas for RAcos(DE). The largest dif-
ferences can be found for sources in low declinations, asibe

o o expected because of the declination dependency of meacesour

coordinate precession. The differences between the 3icubut
are very small. Remarkable is the "bow” feature in Rés(DE)
which is shown by some sources with latitudes between 4@. Thi
effect will be discussed later.

& corlocation sites P : g <o Looking at the differences of the stable sources, the effiect
g T ' RA.-cos(DE) is very small. For DE, the differences are also very
T T R R R small but show a systematic: The smaller the standard diengat
of the local ties are the larger is a southwards shift of theces,
Fig. 3 Global distribution of co-location sites used. which itself increases towards the south pole. The WRMSén th

diagrams also reflect this effect as they are computed withou
applying a detrend-function.
Besides the effects on the CRF also the impact of the com-
. bination on the TRF is studied. Two aspects are considened he
4 Solution approaches The combined station network shall be consistent and, at the
same time, the network deformation due to the combinatiati sh

It must be expected that the impact of a common adjustment%(? Sm?\'}:/‘ Fklgure (Sd) bs h:)r\]/v s thebr_ne?_n def(;rr;:]atl?n Ofl tgs sta-
CRF and TRF on the source coordinates is twofold: The comk§|9n r][e orf tchauifLBl yt t? com |nta ltﬁn ?DnTRFSOEJaSnS? np
nation of the EOP should lead to changes of the CRF, but al eters ot the stations w.rt. the reference

S ) - ) . rame. Both are derived by a similarity transformation begw
the combination of station coordinates which leads — aswei$ . .
known from ITRF computation — to small changes in the stdhe VLBI part of the combined CRF-TRF solution and the VLBI-

tion network geometry will have an impact on the CRF. As in(_)nly solution, which is aligned to DTRF2008. The mean defor-
tion is quantified by the RMS of the station position residu

troduced before, the EOP are handled as common parameﬂ%l’as

while station positions of different techniques are linksdin- als resulting frqm t_he transfo_rmatlon. Figure (5.) s_hows t'ha
troducing local ties. In order to analyze the effect of thealo mean deformation increases if the standard deviation af toes

ties on the combined solution and especially on the CRFethrBecomﬁ.S sn;a;llert.hThe srgglledst trfr:;lat|okJr1t parzme_iﬁrs;\mw\:j
combined solutions are computed including the local tigonsc are achieved for the combined soiution optained with a

with standard deviations of 0.5, 1.0 and 2.0 mm. For comearis deV|at|o;1 fg_r Itc_>ca| ties otf otf] mdm% It ca? be (ﬁﬂc'?decj&tr{:ﬁ t
a VLBI-only solution is computed and in addition a combinetﬁWO contradicting aspects, the detormation ot the fram e

solution is derived for which only the EOP but not the statioffonsistency of the combined network, must be balanced.

coordinates are combined. The different solution typesane-
marized in Tab. (3).

g 2 2 -
51,5 g 9
Table 3 Different solution types. %’ 1 .%_2 '
ko <4 1
Solution Combined parameters Standard deviation 20»5 . B |
for local ties € o "
2.0mm 1.0mm 0.5mm 2.0mm 1.0mm 0.5mm
VLBI-only / / . . .
EOP combined EOP / Fig. 5 Mean deformation of VLBI station network caused by

combination (left) and translation of VLBI part of CRF-TR&-s
lution w.r.t. DTRF2008 (right). The bars of one triple repeat
the translation in x-, y-, and z-direction.

TRF-CRF 0.5 TRF, EOP 0.5mm
TRF-CRF 1.0 TRF, EOP 1.0 mm
TRF-CRF 2.0 TRF, EOP 2.0mm




126 Seitz et al.
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Fig. 4 Differences in DE and RA0s(DE) of the three combined solutions with standard dievia of the local ties of 0.5, 1.0 and 2.0
mm w.r.t. the VLBI-only solution considering all sourcesff) and stable sources only (right). The solid lines repmésalues of a

moving median. The bar plots in the middle show the corredipgnWRMS computed without the application of a detrendefion.

In order to separate the effect of combination of statiorrcoctigation. Two different effects are investigated: the effef the
dinates and the effect of EOP combination on the CRF, the comembination of EOP and the effect of the combination of stati
bined solutions are compared to a solution in which the E@P aroordinates. The combination of station coordinates léags-
combined but not the station coordinates. In Fig. (6) theedif sition differences of sources on the southern hemisphers of
ences in RAcos(DE) are shown. A comparison of the figure witlto 2 mas but in the most cases the differences are much smaller
the left subfigure of Fig. (4) shows, that the "bow” featureebh The mean differences for DE and Fods(DE) are 10 and flas,
can be seen from a comparison of the combined CRF-TRF arebpectively. Sources with declinations betwees0 and—70
the VLBI-only solution vanishes if the combined CRF-TRF soshow the largest effects. The effect on the stable sources ot
lution is compared to the "EOP combined only” solution. Thexceed 0.08 mas. A clear systematic can only be seen for the de
conclusion is, that the systematic is caused by EOP combidaration of the stable sources: the lower the standard tdeviaf
tion as it cannot be seen if two solutions with combined EGP athe local ties is the larger are the southwards shifts ofdieces.
compared. From Fig. (6) it can also be concluded, that irngart However, the effect is very small. The maximum median value
ular those sources which are located close to the celestish s is below 0.02 mas. The combination of the EOP leads also to
pole are affected by the combination of the station networks position differences of the sources. A systematic "bow'tdea

is detected in RA for sources with declinations between abou
+40. But not all sources are affected. The reason for theteffec
LT Zmm - VLBI EOP combined onl is not yet known. Furthermore, the combination of EOP causes
—median position changes of sources close to the celestial soughgbaip
2 to 0.8 mas. While EOP benefit from a combination, station-posi
tions can be affected by the discrepancies between loszhtid
the results of the space geodetic techniques. Consequtely
T80 60 40 20 0 20 40 60 80 effect of EOP combination on the CRF is an improvement, while
declination [deg] the effect of combination of station positions on the CRFds n
Fig. 6 Difference in RAcos(DE) between CRF-TRF solution¢l€arly beneficial. Further, more detailed studies havestddne
(exemplarily the solution with 1.0 mm standard deviatioos f {0 get @ better understanding of the impacts of differensieas

local ties) and an "EOP combined only” solution. The WRMS i$yPes. the different co-location stations and the differieOP.
2.2 uas. However, as shown from the comparisons with the VLBI-only

solution, the systematic effect of the combination on thé=@&R
small. The effect on the stable sources, expressed by the 3/RM
is even not significant w.r.t. the axis stability of 0.01 mped-
fied for the ICRF2. The WRMS w.r.t. all sources is smaller than
the noise floor of 0.04 mas specified for the ICRF2.

o
o

A RA*cos(DE) [mas]
o

-0.5

6 Conclusions

Presently, ICRF and ITRF are not computed fully consistEmé.

paper shows first results of a consistent solution of CRF, aifti-

the corresponding EOP, which link both frames. Non-defagni References

no-net-rotation conditions are applied in order to avoicoaer

constraining and, thus, a deformation of the solution. \&/ttile

effect of the combination of different space geodetic téghes M. Feissel, C. Ma, A.-M. Gontier, and C. Barache (2006), Anal
on the station coordinates and EOP is well known from ITRF Ysis strategy issues for the maintenance of the ICRF axes,
computation, the effects on the CRF are the subjects of inves Astron and Astrophyg51
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Impact of A Priori Gradients on VLBI-Derived Terrestrial
Reference Frames

J. Bohm, H. Spicakova, L. Urquhart, P. Steigenberger, H. Schuh

Abstract We compare the influence of two different a priori DL = my(€)Dnz+ my(€)Dyy;
gradient models on the terrestrial reference frame (TRF)eas +my(€)[Gn coga) + Ge sin(a)]. (1)
termined from Very Long Baseline Interferometry (VLBI) ob-
servations. One model has been determined by verticalrasteg  The four parameters in this expression are the zenith hydro-
tion over horizontal gradients of refractivity as derivedr  static delayDp,, the zenith wet delayD,,,, and a horizontal de-
data of the Goddard Data Assimilation Office (DAO), whereagy gradient with componenBy (north) andGg (east).my, my,
the second model (APG) has been determined by ray-traciagdmy are the hydrostatic, wet, and gradient mapping functions,
through monthly mean pressure level re-analysis data dEthe respectively, ana is the elevation angle of the observation di-
ropean Centre for Medium-Range Weather Forecasts. We cofgetion in vacuuma is the azimuth angle in which the signal is
pare VLBI solutions from 1990.0 to 2011.0 with fixed DAO andreceived, measured clockwise from north.
APG gradients to a solution with gradients being estimzaaed, Horizontal gradient parameters are needed to account for
we find better agreement of station coordinates when fixinQDAthe systematic component in the north-south direction tdsva
gradients compared to fixing APG gradients. As a consequengge equator due to the atmospheric bulge (MacMillan and Ma,
we recommend that gradients are constrained to DAO gradient997), and they also capture the effects of random compsnent
in particular in the early years of VLBI observations (up bmat  in both directions due to the variable weather systems. llysua
1990), when the number of stations per session is small @and those gradients are estimated in the analysis of Globalgdavi
sky distribution is far from uniform. Later than 1990, thed tion Satellite Systems (GNSS) and Very Long Baseline laterf
ents can be constrained loosely and the a priori model iswbmi ometry (VLBI) observations with the gradient mapping fuaot
importance. my as part of the partial derivative.
Although itis generally not necessary to constrain thoge gr
dient estimates to a priori values in GNSS analysis, it ismec
Keywords Troposphere Gradients, Terrestrial Reference Fram@ended to constrain the estimates in the early years of VbBI o
VLBI servations up to about 1990 (Spicakova et al., 2011) whep onl
a few stations were observing per session and the distibuti
of the observations in the sky per station was far from unifor
In any case, it is advisable to constrain the gradient estisna
1 Introduction to a realistic a priori gradient model which accounts for dle
mospheric bulge. In the next sections, we describe theteffec

. ) constraining (fixing) the gradient estimates to a priori eled
As recommended by the Conventions of the InternatlonthEar&i erent from zero.

Rotation and Reference Systems Service (IERS) (Petit an
Luzum, 2010), the line-of-sight delay, , is expressed as a func-
tion of four parameters as follows:

2 Gradient mapping function

Johannes Bshm, Hana Spicakova, and Harald Schuh Two types of gradient mapping functions, are widely used in
Vienna University of Technology, GuRBhausstraRe 27-290A01 GNSS and VLBI software packages. On the one hand, there is
Vienna, Austria, johannes.boehm@tuwien.ac.at the formulation by MacMillan (1995) which goes back to Davis
Landon Urquhart et al. (1993) for the "wet” refractivity of air:

University of Calgary, Canada

Peter Steigenberger my = cot(e)m,. )

Technische Universitat Miinchen, Germany
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This approach has the disadvantage that it is singular at the

30
horizon. On the other hand, Chen and Herring (1997) suggest — - — - Ray-tracing _’,'
applying — — — Chen and Herring (0.0032) [
25 Chen gnd Herring (0.0007) i
My = 1 @3) MacMillan
tan(e)sin(e) +C 9
and they recommend to u§e= 0.0032 for the estimation g 20
of total gradients (Herring, 1992). This formulation is édn 3
a theoretical concept with an exponential decay of the bot& §
gradient of refractivity with height. If used with the coefént % 15
C =0.0007 (corresponding to a scale height of 3 km) it describes 3
the gradient mapping function for the wet part and is rathesec @
to the formulation by MacMillan (1995) (see also Figuresgagl 10
).
Exemplarily, we determined ray-traced delays at 5, 7, 10,
15, 20, 30, 50, 70, and 90 degrees elevation towards norh, ea

south, and west at two sites (Wettzell in Germany, and Tsakub >0 _30 ~20 ~10 0
in Japan) on 1 January 2008 at 0 UT. Then, we removed the
azimuth-symmetric part and compared the residuals to the gr
dient mapping functions by scaling the latter so that theg@g Fig. 1 Asymmetric delays towards east at station Wettzell on
with the residual ray-traced delays at 5 degrees elevafimm 1 January 2008. The gradient mapping functions were scaled t
the two samples we did not find a clear preference of one typgree with the ray-traced delays at 5 degrees elevationeh co
of gradient mapping function (see Figures (1) and (2)).tearrt ficient C of about 0.0060 would agree best with the ray-traced
more (not shown here), the impact on station coordinatedfiea delays in the range of elevations shown in the figure.
sub-millimetre level if either using the formulation by Mdit-

lan (1995) (Eq. (2)) or Chen and Herring (1997) (Eq. (3)) for

the estimation of gradients. Thus, we used the formulatipn b

asymmetric delay in mm

Chen and Herring (1997) (Eq. (3)) with= 0.0032 for our in- 30
vestigations, i.e., for mapping the a priori gradients afl a® — - — - Ray-tracing !
for estimating gradients, and we recommend its applicaition — — — Chen and Herrﬁng (0.0032) I
all software packages for better comparability. 25 Chen and Herring (0.0007) I
MacMillan |
" )
3
. . . :163.’ 20 I
3 A priori gradient models S ,
= /
S / |
We used two different a priori gradient models for compariso g 15 , / / ]
MacMillan and Ma (1997) introduced gradients derived from ® a
data of the Goddard Data Assimilation Office (DAO) (Schu- v
bert et al., 1993). These gradients are derived by vertidat i 10 =
gration over the horizontal gradients of refractivity, ahdy are _ =
provided for all VLBI sites. Secondly, Bohm et al. (2011&-d ==
termined an a priori gradient (APG) model from 40 Years Re- _580 60 10 20 0

Analysis (ERA40) monthly mean pressure level data of the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF)
with a horizontal resolution of 5 degrees. North and east graig. 2 Asymmetric delays towards west at station Tsukuba on
dients were derived by the determination of ray-tracedydelal January 2008. The gradient mapping functions were scaled t
in zenith direction as well as towards north, east, southl, amgree with the ray-traced delays at 5 degrees elevationeh co
west at 5 degrees elevation, and by fitting those delays to thieient C of about -0.0030 would agree best with the ray-traced
model by Chen and Herring (1997) (Eq. (3)) with the coeffitierdelays in the range of elevations shown in the figure.

C =0.0032. The north and east gradiertés, andGg, were then
averaged over all months and expanded into spherical hacson
up to degree and order 9. This model can be downloaded from
the GGOS Atmosphere Server at TU Viernand plots on APG
are provided by Bohm et al. (2011b).

asymmetric delay in mm

Figure (3) shows north gradients from DAO (MacMillan and
Ma, 1997) and APG (Bdhm et al., 2011b) for all VLBI stations.
Clearly visible is the atmospheric bulge above the equatochv
causes the north gradients to be slightly negative in théhaor
and slightly positive in the southern hemisphere. Howebere

1 http://ggosatm.hg.tuwien.ac.at/DELAY/SOURCE/apg.f
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differences in the station north components for DAO gratdien

0.6 1 compared to APG gradients, in particular in Asia and Europe.
© This is also confirmed by the station up components shown in
0al @ o ] Figure (5). . _ .
o 0o However, as soon as gradients are estimated (with no or
€ ﬂg loose constraints), it is no longer of importance which anpri
E 02y 1 gradients are used and the station coordinates agree.
= +
c
50— @
©
a .
£ 02l 5 Conclusions
£ -0.
o
0.4} We recommend using the gradient mapping function as intro-
duced by Chen and Herring (1997) (Eg. (3)) with the coefficien
ol C =0.0032 for the mapping of a priori gradients as well as for
’ the estimation of gradients. The application of the samdigra
_5'0 (') 5'0 mapping function by different space geodetic techniquabds

prerequisite for a rigorous combination of gradients.
For the analysis of VLBI sessions up to 1990, we recom-

Fig. 3 North gradients in mm versus station latitude as derivé@dend constraining the gradient estimates to DAO gradiets,

from DAO by vertical |ntegrat|on (+) and by ray_tracn']g thg:h introduced by MacMillan and Ma (1997) After 1990, when the

ECMWF data as provided with APG (0). number of stations per session is larger and the sky disiitu
with sources at the stations is more uniform, the choice efath
priori gradients is less important because gradients cagstie

. . . . mated reliably.
is a quite good agreement between the gradients deriveddy tw There is the plan to revise the gradient model APG by using

completely different approaches and different weatheretsod 5 peier resolution than just degree and order 9, or - sirtolar

DAO - to determine those gradients for every station spexific
On the other hand, we will investigate and revive the appboa
of the six-hourly linear horizontal gradients (Bohm and&t,

4 VLBI analysis 2007) which are available for all VLBI sites since 2006 at the
GGOS Atmosphere Server.

latitude in degree

Bohm et al. (2011b) carried out investigations with APGhe t

analysis of Global Positioning System (GPS) observatiang,

they found that the north gradients from APG are generatielia

than the north gradients estimated in GPS analysis. Thenea® Acknowledgements
for this is not clear, but possible contributions might cainoen

the sky distribution at the stations which is not uniform@mi \ye jike to acknowledge the International VLBI Service for
the downwelghtmg of observations at low eleva_mons (Uarqtibt Geodesy and Astrometry (IVS) (Schliiter and Behrend, 2697)
al., 2011). Spicakova et al. (2011) showed the importancemf . iging their data and products, and the Austrian WeaSieer

straint_s (on zero a priori gradients) in the early years oBVab- .o (ZAMG) for granting access to the data of the ECMWF.
servations up to about 1990. If those constraints are ndteghp Hana Spicakova is grateful to the Mondi Austria Privatstify

estimated gradients get unrealistically large and imp&tto® ¢, financial support during her PhD study at TU Vienna.
coordinates significantly.
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Fig. 4 Station north components with fixed APG (red) and DAO gradi¢black), compared to a solution with gradients estimated

Fig. 5 Station up components with fixed APG (red) and DAO gradieoitsck), compared to a solution with gradients estimated.
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Application of ray-tracing through the high resolution num erical
weather model HIRLAM applying the Conformal Theory of
Refraction

S. Garcia-Espada, R. Haas, F. Colomer

Abstract In space geodetic techniques like VLBI and GPS, adate to the refractivity of the medium which in the so-calutral
curacy is limited by atmospheric propagation effects bytrau atmosphere is influenced by temperature, pressure and tyimid
atmosphere in the troposphere. In recent years numerieahae In recent years, regional-scale NWMs have improved in
models (NWM) have been applied to improve mapping funderms of accuracy and precision. Thus it appears to be raebkon
tions which are used for tropospheric delay modeling in VLBIo calculate slant delays by ray-tracing through these NVaivs
and GPS data analyses. A troposphere correction modeliagplyto apply these slant delays as external information for tiadya
ray-tracing through the Limited Area numerical weathede sis of space geodetic data.

tion (NWP) HIRLAM 3D-VAR model and applying the Con-

formal Theory of Refraction is developed. The advantages of

HIRLAM model are the high spatial resolution.20x0.2°) and

the high temporal resolution in prediction mode (every 3repu 2 HIRLAM Numerical Weather Model

The advantages of the Conformal Theory of Refraction (Morit

1967) is that the atmospheric propagation effects are atedu

along the line of sight and the known vacuum elevation argyle The HIRLAM project has been established in order to provide
used so no iterative calculations are needed. When raipracthe best available operational short-range forecastiatesy for
through HIRLAM profiles and calculating the slant delayshgsi the National Meteorological Services in Denmark, Finldod;

the Conformal Theory of Refraction, we include the effecanf 1and, Ireland, Netherlands, Norway, Spain and Sweden. ddete
inhomogeneous atmosphere in the slant delays values. France has a research cooperation agreement with HIRLAM.

The HIRLAM system is a complete NWP system including data
assimilation with analysis of conventional or non-coniaml
Keywords HIRLAM, NWM, ray-tracing, Conformal Theory of observations and a limited area forecasting model with a-com
Refraction prehensive set of physical parametrization. The forecastein
is a limited area model with a boundary relaxation scheme. Th
model exists both in a grid-point version and in a spectral ve
sion. Initial and boundary conditions are taken from Euespe
1 Introduction Centre for Medium Range Weather Forecast (ECMWF). The
HIRLAM model is a synoptic scale model which means it is
displaying conditions simultaneously over a broad are&s &
The electromagnetic signals on their way through the earttiumerical short-range<(48 h) weather forecasting system. The
atmosphere experience propagation delays. Troposphkagsdeadvantage of the HIRLAM model are its high spatial resolutio
are one of the main contributors to the total error and aralysu (22 km to 5 km horizontally (Fig. (1)), 16 to 60 levels verti-
taken into account by parametrization of atmosphere dedayscally) and high temporal resolution (6 hours assimilatictad
unknown parameters which are estimated together with ther ot and analysis and prediction at 00h, 06h, 12h, 18h; 3 houtls cyc
parameters of interest in the geodetic VLBI analysis déta li also available).
gradients, clocks or station positions. The propagatidaydee-

Susana Garcia-Espada and Francisco Colomer

National Geographic Institute (IGN) 3 Conformal Theory of Refraction
Apartado 148, E-19080 Yebes (Guadalajara), Spain
Susana Garcia-Espada and Rudiger Haas
Chalmers University of Technology,

Department of Earth and Space Science

Onsala Space Observatory, SE-43992 Onsala, Sweden 1 Synoptic scale model HIRLAM, http://hirlam.org/

The optical path lengtls between a fixed origin and a variable
point is described by the Eikonal equatiggrada)? = n? which
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Fig- 1 HIRLAM horizontal grid. Fig. 2 Local system defined in the Conformal Theory of Refrac-

tion showing the effects of wave propagation through theoatm
sphere (Moritz, 1967).
is a first order partial differential equation for the optics-
tanceo, and corresponds to the well known principle of Fermat
which states that light or other electromagnetic wavesfalilbw P
the path between two points which involves the minimum liravé1 Appllcatlon
time.

The Conformal Theory of Refraction was derived as an awe calculated the slant delay caused by the neutral atmo-
proximate solution of the calculation of the optical pathgth, sphere via ray-tracing through the numerical weather model
and the vertical and lateral angles of refraction whichudelthe HIRLAM applying the Conformal Theory of Refraction equa-
solution of the Eikonal equation in the equations (Morit267). tion for the analysis of 15 geodetic European VLBI experiteen
Figure (2) shows the local system defined by Moritz (1967) thom EURO75 (229 March 2005) to EUROS89 (3 Septem-
develop the Conformal Theory of Refraction. The extra pa&th dber 2007). Twelve stations were involved: Crimea in Ukraine

lay can be written: Dss65a in Spain; Matera, Noto, and Medicina in Italy; Mbtsa
in Finland; NyAlesund in Norway; Onsala in Sweden; Svetloe
6 S Lim1o .SA%:dN 5y SdN o1 dX and Zelenchukskaya in Russia and Wettzell and Effelsberg in
107 [oNdX— 31072 J5[(Jo gy €de)” + (Jo gz €de)"]5e Germany. Badary station in Russia was also involved in EURO8

. . . ut it is not included in HIRLAM grid so we did not included it
where € denotes only an integration variable along the chor :

. In the calculations.
(Moritz, 1967).

If we neglect the small effect of the curvature due to la We used HIRLAM files with 22 km horizontal resolution,

t- . . .
eral refraction caused by the gradi%@t assuming it is approxi- 40 vertical levels and 6 hours time resolution (00h, 06h,,12h

VO and if | h i dicul h 18h). We did interpolation in time for each scan of the mereib
mately 0, and ifwe replace the gra 'Eﬂ% perpendicular to the geodetic VLBI experiments between the nearest time files. We

chford AB ’ mth sufficient accuracy, by the vertical gradiert did horizontal interpolation in the 40 km horizontal grictlveen
refractivity like: the four nearest points profile around the station. We diehput-
aN — cog3(4N) lation in the vertical, we refined from 40 vertical levels to-a
dz dh ) :
) ) ~__ proximately 1000 layers, where the step size between them de
wheref is the vacuum elevation angle. Then both simplificationgends on the atmosphere height at each step. The atmosphere

lead finally to the practical approximation: height was extrapolated to 136 km. The ray-tracing algorith
s 2 s S goes through the necessary number of HIRLAM vertical prefile
AS=10"° [yNdX~ %101% (Jo (%)fdf)z% depending on the ray (scan) elevation anglentil it crosses

dN . ) o the complete atmosphere. For each step through the atnresphe
where g, stands for the vertical gradient of the refractivity Nyhere is a horizontal and vertical interpolation of the raynp

B is the vacuum elevation angle aedienotes only an integra- gqing through the atmosphere. Station heights were cagmiila
tion variable along the chord AB (Brunner and Angus-Leppa, e\ Gssellipsoid and undulations were calculated using the

1976). The main advantage is that atmospheric propagation gotential coefficient moddEGM86 Stations heights were intro-
fects are evaluated along the known chord line AB and notalowyceq to the HIRLAM vertical profile, in some cases it was nec-

the unknown wave path. The second advantage is that the Vaggary to interpolate or extrapole them in the vertical [Esfi
uum elevation anglég8 is used so no iterative calculations arynich means that the HIRLAM topography models differently
needed. the terrain topography depending on the location of théostat
To calculate the slant del@ySapplying the Conformal The-
ory of Refraction (Moritz, 1967), we integrated through tie-
vation angle of each observation starting at the station height.
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14

We neglected the effect of curvature due to lateral refoacti 2w f—
caused b)ﬂ% assuming it is approximately 0. The size and num- 12| M | b N }
ber of the integration steps along the chord line of sighiedep R \ J\
on the vacuum elevation ang[® and the current height of the H \

ray point in the atmosphere. We needed to find a compromise
between the computing time and the number of integratiqrsste
so we used approximately 250 integration steps for eactAtay.
each point we recalculated the anflelue to theWGS84ellip-

soid. The calculated slant delay is azimuth angle depermdénc

0.4

0.2

ZWD differences for RayTrace - Moritz (meters)

is the 'path delay’ through the 3D inhomogeneous atmosphereg o
through the chord line. 02 V
-0.4
0 20 40 60 80 100 120 140
Time every 3 hours from 11 August 2008 to 28 August 2008
5 Preliminary results Fig. 3 Differences between estimated ZWD through HIRLAM

minus calculated slant delays for scans with elevationeafig

) ) ) ~using the Conformal Theory of Refraction during CONTO8 ex-
We estimated zenith wet delays (ZWD) for all the stations ifperiments at Wettzell station.

volved in the CONTO8 experiments to check that ray-tracing
through HIRLAM is consistent with other techniques (Teke 026
etal., 2010). In that case forecast and analysis HIRLAM [@®fi o024
were combined, so we had a time resolution of 3 hours.

In order to check the Conformal Theory of Refraction we
created a schedule in which all the scans had the same tirob epo
as previous estimated ZWD in CONT08 experiments and which
observation elevation angle was°9@ all cases. Then, we cal-
culated the slant delays for all scans at,9®hich is equivalent

EURO7S - Delay Differences (m) for Effelsberg Station

Delay differences: RayTrace - Moritz (m)
°
2
N

to calculate estimated ZWD. We can compare estimated ZWD ¢ °* f } ‘ ‘ (r M M \ i ’
through HIRLAM to the calculation of slant delays using the o1 \4 ; } M \ / f\r W \/H Hw i
Conformal Theory of Refraction with an elevation angle of.90 008 W i ‘”\} iikin va W\I U 1

Figure (3) shows time series of the differences of estimated oo \ ! !
ZWD through HIRLAM minus the calculated slant delays us- oos | - — - — S
ing the Conformal Theory of Refraction with elevation arsghé Number observations

90, for Wettzell station during CONTO8 experiments. For thi]s__ig 4 Slant delays differences between Raytrace software

example, at Wettzell station the mean of the differences83 0 homogeneous atmosphere) and the Conformal Theory of

mm and the standard deviation of the mean is 0.02 mm. T| f : .
. . ) Refraction (inhomogeneous atmosphere) ray-tracing girou
differences are due to an improvement in the software. The i IRLAM

terpolation in space was for estimated ZWD through HIRLA

assumed to be over an sphere and for the calculation of the sla Station |# observations EURO7Blax diff (m)|Min diff (m)
delays at 90 the interpolation in space was calculated over th‘TEffeIsber 534 095 0.06
ellipsoidWGS84For all the other stations in CONT08 we obtain Medicina 263 0.37 0.05
values in the same order of magnitude. Onsala6 214 033 0.05

In order to compare an homogeneous atmosphere versus Rﬂ/aleszo 190 0.35 0.05
inhomogeneous atmosphere, we did a comparison of slant d%ettzell 205 0.37 0.06
lays calculated using ray-tracing through HIRLAM model ap- Noto 164 0.29 018

plying Raytrace software (Davis et al., 1987-1989) as priesk
in Garcia-Espada et al. (2010) and slant delays calculaged dable 1 Maximum and minimum differences between calculated
ing ray-tracing through HIRLAM model applying the Confor-Slant delays with Raytrace software minus calculated slelatys
mal Theory of Refraction explained in this paper. For the _Rayvith the Conformal Theory of Refraction for all stationsahved
trace software only one HIRLAM vertical profile is assumed a§! EURO75.

an homogeneous atmosphere around the station positiothd-or

Conformal Theory of Refraction different vertical profilase

considered around the station position and the ray-scaseso Table (1) shows as an example for EURO75, the maximum
a different number of them depending on the corresponding &g minimum differences between calculated slant delagis wi
evation angleB. Figure (4) is a time series comparison betweeRayirace software minus calculated slant delays with the-Co
calculated slant delays for an homogeneous atmosphergsveigyma| Theory of Refraction for the 6 stations involved ireth
an inhomogeneous atmosphere during EURO75 experiment fQiyqriment: Effelsberg and Wettzell in Germany, Medicing a

Effelsberg station. In this example, the maximum diffe e N otq in italy, Onsala60 in Sweden and Nyales20 in Norway.
24.70 cm and the minimum differences is 5.58 cm.
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Slant delays for HIRLAM inhomogeneous atmosphere
Moritz approach at Flevation 3°

Slant delays for HIRLAM inhomogeneous atmosphere
Moritz approach at Elevation 40°
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Moritz approach at Elevation 850
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Fig. 6 Calculated slant delays for elevation angles, &5, 70°
Fig. 5 Calculated slant delays for elevation anglés BY, 20°  and 85 in an inhomogeneous atmosphere using the Conformal
and 30 in an inhomogeneous atmosphere using the Conforntaheory of Refraction through HIRLAM for Effelsberg station
Theory of Refraction through HIRLAM for Effelsberg station(25h March 2005 at 12:00 - start time for EURO75).
(25" March 2005 at 12:00 - start time for EURO75).

mogeneous atmosphere in the slant delay calculations. ifhe d
First preliminary results show differences between theweal ferences between approaches are mainly the inhomogeneous a
lated slant delays in an homogeneous and in an inhomogene@ussphere contributions. Comparisons of estimated ZWDs and
atmosphere. The maximum differences correspond to loweer etalculated slant delays with elevation°9sing the Conformal
vations while minimum differences correspond to highevale Theory of Refraction is in the order of 1 mm level due to im-
tions. provements in the interpolation software. We calculateaoe-
Figures (5) and (6) show calculated slant delays using tlegsely and accurately slant delays using the Conformal fijheio
Conformal Theory of Refraction ray-tracing through HIRLAMRefraction. We will continue to compare calculated slataye
for different elevations angles for Effelsberg stationidgr25h using the Conformal Theory of Refraction ray-tracing thgou
March 2005 at 12:00 (start time for EURO75). HIRLAM to other NWM e.g. ECMWF and other approaches e.g
KARAT. We will analyze the 15 geodetic VLBI European data
using the calculated slant delays as a priori.

6 Conclusions

We have calculated slant delays modelling an homogeneals ﬁeferences

inhomogeneous atmosphere. While using Raytrace softwpare a
proach simplifies to an homogeneous atmosphere, the Coalform), Bshm, H. Schuh, Vienna Mapping Functions in VLBI Analy-
Theory of Refraction approach includes the effect of aninho ses,IVS 2004 General Meeting Proceedings277-281
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Strategy to Improve the Homogeneity of Meteorological Data in
Mark3 Databases

K. Le Bail, J. M. Gipson

Abstract Errors in modeling the troposphere is a major part odind temperature. An example is given in Figure (1) for the yea
the error budget in VLBI processing, making the meteoraalyi 2008. The crosses indicate missing meteorological datéhtor
data very important. Summary tables of missing meteorofdgi stations observing during the session, while the large biets
data point to the lack of data for important stations in thevoek  dicate the presence of meteorological data in the datab&se.
(Zelenchukskaya during the CONTO08 campaign for exampleymall dots indicate the station does not participate in ¢ssisn.
As a first step in this paper, we study the impact of erroneolr 2008, the CONT08 campaign stands out: only eleven sta-
meteorological data on the VLBI processing and show that théions are participating continuously. In this figure, weoatee
directly impact the quality of the VLBI solution: the scatief that for some stations, like Fortaleza and Zelenchukskaya,
baseline length WRMS is affected at a significant level (uft to major stations in the network, more than 90% of the metegrolo
mm for 10 years of data), as well as the determination of the Ugal data is missing in 2008. In the case of Westford, the orete
component: the case of Svetloe during CONTO08 shows a lindagical data are provided in the past years, by a sensor fnem t
correlation of 8.9mbar/mm in the case of an offset in pressurSuoMinet network (an international network of GPS receiyer
We analyze Westford over the period January 2002 to Apri0201http: //wwwunidataucaredu/data/suominef). The absence
using different sources of meteorological data in the peicgy:  of data during the last trimester of 2008 show that those data
ECMWEF, other on-site recorded meteorological data, such ashave not been uploaded. When looking at the other years, the
sensor associated with GPS receivers, and the defaultuakee same remarks are still valid: some of the major stations &s-m
by Calc/Solve We conclude that using a constant default valuig a large amount of meteorologic data, other stations gdaan
in Calc/Solveto replace missing meteorological data is not satighe source of meteorologic data. To emphasize the impaatbf s
fying. discrepancies, we focused on different periods. First vedyaad

the eleven stations of the CONT08 campaign, and we show re-

sults for Svetloe and Zelenchukskaya. We also studied Westf
Keywords Meteorological DataCalc/Solve Mark3 databases, from January 2002 to April 2010, considering only the R1 and
VLBI processing R4 sessions. The results obtained are presented in sectibn 2

this paper. In section 3 we discuss a strategy to obtain a gemo

. neous data set and give conclusions of this study.
1 Introduction

Pressure and temperature data contribute in the VLBI psaogs 2 Impact of erroneous meteorOI()glcal

in a very significant way. Many studies show the impact of this data in the VLBI processing

data via atmospheric modeling, e.g., Davis et al. (1985%|INi

(2996), and more recently, Heinkelmann et al. (2009) and-Nil . .

son et al. (2009), to cite only a few. Other studies show tee di2.1 Comparison with ECMWF data and
crepancy found between sensors on the same site and the im- pressure offset: the case of Svetloe
portance of precise meteorological sensors and homogsneou

recording of pressure and temperature, see Niell (2005).

Considering the above studies with great interest, we dEigure (2) compares the pressure found in the database regh p
cided to determine what is in thlark3 databases. We con- sure from the ECMWF model (derived at the Vienna Institute fo
structed yearly tables gathering all the information orspuee  Use with the VMF, Boehm and Schuh, 2004) for Svetloe. There
is an offset of about 10mbar over the CONTO8 period. To study
the effect of this offset, we performed different simulaspsub-

Karine Le Bail and John M. Gipson tracting a constant value (2mbar, Smbar and 10mbar) from the
NVI Inc / NASA Goddard Space Flight Center, Greenbelt, MOpressure in the database for only Svetloe, and then we sfived
20770, U.-S. station positions over the CONTO8 period for the elevenstat
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. e Meteorological data in VLBI database
2008 VLBI sessions (167) X Missing meteorological data
. Session in which station did not participate L.
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Fig. 1 Summary table of the presence of meteorological data i3 databases for the year 2008

1020 T T - - Differences (pressure from ECMWF / pressure from the data base)
¢  Pressure in the Mark3 databases ([ afaro wokee weoloma wvaleszo onshaso svefloe Ticobone TsUKUsse wesTRoRD weTTzeLL zetefiork
—©— Pressure from ECMWF L ]
1015+ 1 o8
° |- |- - - L I |- I - -
1 2 3 4 5 6 7 8 9 10 1"
1010 Differences (pressure — 10mbar / pressure from the data base)
I . : : : . : : : : . —
1005 osf- -
o m_l T - - | i T -
1 2 3 4 5 6 7 8 9 10 1
1000 Differences (pressure — 5mbar / pressure from the data base)
s . : : : : : : : : :
995 osk I
° L L L L L L Il L Il L L
1 2 3 4 5 6 7 8 9 10 1
99102—Aug—2008 17-Aug-2008 22-Aug-2008 27-Aug-2008 Piffere‘nces (‘pressEJre - ‘2mbar‘ / pres‘sure f‘rom th‘e data‘ base)
s
Fig. 2 Pressure in mbar for the station Svetloe during the camsr
. . . . [ |
paign CONTO8, as irMark3 databases and as obtained using™——————————— ——— —— —— 1

ECMWF model
Fig. 3 Changes in position of the eleven CONTO08 stations be-
tween using for Svetloe either théark3 databases pressure or a

In Figure (3), we plot the differences in U, E, N determinatiz- Modified pressure (ECMWF or biased value)

ing the pressure from the database wrt a modified pressure: 1)

the ECMWEF pressure, 2). the database pressure minus 10mbar,

3). minus 5mbar, 4). minus 2mbar. The major effect is on therence in pressure (10mb, 5mbar and 2mbar). A straighidine
Up component determination of Svetloe. The Figure (4) plotsstimated and perfectly fits the three points: the slope hakia
the differences of the Up component of Svetloe versus the dif 8.9mbar/mm.



140 Le Bail and Gipson

11Pressure/Up determination dependence — Svetloe example ECMWF met data wrt Calc/Solve default value for Zelenchk
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Fig. 4 Dependence in pressure and Up determination for the sta- -
tion Svetloe ool
o T

2.2 Default value in Calc/Solve Fig. 5 Differences in WRMS between using for Zelenchukskaya

the Calc/Solvedefault value pressure and using ECMWF pres-
sure, in function of the baseline lengths during CONTO08. The

In the case of missing data, the strategy adoptetile/Solvas ) - s 2
; baselines with Zelenchukskaya are indicated with a star

to use a fixed and constant value. To quantify the effect, ugs
ied two examples: Zelenchukskaya over a period of two weekos35
(CONTO08) and Westford over a period of nine and a half years 0'30

|

0.25

|
2.2.1 The case of Zelenchukskaya during the o 1
CONTO08 campaign 015 H mu
0.10 NE
Zelenchukskaya is studied over the CONTO08 period. We cor 0.05 H N
pute solutions using in one case fBalc/Solvevalue, and, inthe 000 w T - ' = =
other, the ECMWEF value. Figures (5) and (6) show the impact 005 0\&“ \oe" R A coe‘* K ((00 & e@\L
this strategy. In Figure (5) we plot the difference in WRMSE ¢ @ & & & @ & & &

scatter in baseline lengths as a function of baseline lefigta

points in the upper half of the plot show a reduction in WRM$i9. 6 Effect on using ECMWF meteorological data at Ze-
in using the ECMWF meteorological data rather than the géenchukskaya instead of th@alc/Solvedefault value. Changes
fault value. This improvement in WRMS is up to 0.12mm foin position of the eleven stations of CONT08

some of the baselines. Figure (6) is the graph of differemtes

the Up component determination affecting the eleven statid

CONTO8. The impact is mostly on the Zelenchukskaya Up corgpmponent. The differences in WRMS reaches up to 0.93mm
ponent with a displacement of 0.31mm. (Badary - Westford baseline) and affects the Up component of
both Badary and Westford by more than 0.1mm.
2.2.2 The case of Westford over the period
January 2002 to April 2010 . .
3 Discussion on a strategy proposed to
To study Westford, we use data from 351 R1 and R4 sessionsobtain a homogeneous database and
from January 2002 to April 2010. The pressure and temperatur ;
are collected from 1). Thiark3 databases, 2). The ECMWF conclusions
data, and 3). The sensor of the SuoMinet network in Westford
(SA01). We compare the results obtained using meteorolodi+ summary, meteorological data in tiark3 databases is not
cal data from these three sets and using the default valuelwfmogeneous as it contains missing, biased and inaccuatte d
Calc/Solvewhen there is no meteorological data in the databask. some cases, the meteorological data in the database comes
To give an idea of such differences, Figure (7) shows the ddtam another source that has been used to manually fill gaps in
from the database and the default value (straight line) @& tlthe time series (Westford case). This data is not necegsaril
same plot. It is obvious that using a default value is notisdal ~ sistent with existing data. Using the default valuedalc/Solve
Once again, using meteorological data from the ECMWF or thig not a satisfying solution either, as shown in the subse@il.
SuoMinet sensor reduces the WRMS and changes the estimate For those reasons and to achieve continuity in the meteoro-
of Up. In Figure (8), the crosses represent the baselindsdnc logical data, the data has to be cleaned. Two solutions are th
ing Westford and in Figure (9), we plot the differences oftthee possible.
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R1/R4 2008 Westford — Pressure

Differences (pressure from the data base or default / the data base or ECMWF)
o6F T T T T T T T T

1030 0l T o e T ™ o s B O 1
’ *  Mark3 databases o2r . B
1020 - ' ‘ Ca.lc/SOIve default value H ool ] 52
0.4 1
1010+ ' q 1 z r s s 0 2 I m 18
Differences (pressure from the data base or default / ECMWF)
1000 l . | H ’ g - : : : ‘ : : ; ‘ -
\ ] \ 0al P oS A o M on s A B ol e MO
990 - 021 A } 4
-0.21- 1Y
980 L | | | | 04 EE
Jan08 Apr08 Jun08 Sep08 Dec08 o 2 " s 5 m m = = s
Differences (pressure from the data base or default / SA01)
R1/R4 2008 Westford — Temperature ol oy e o v sy g sy oo |
40 ‘ ‘ ‘ ‘ [ i
o | I ] - - | - 1 n -,
30+ - 02 I 5:
il R,
20 4 ‘ - o 2 4 6 8 10 12 14 16 18
10} I , l | |" I 1 Fig. 9 Changes in VLBI stations position between, for Westford,
ol l ] Il ||| | using either théMark3 databases pressure or fBalc/Solvede-
' l fault value if no data in the databases, and using anothesfset
10} . . .
0 Mark3 databases pressure (ECMWF or meteorological sensor from the SuoMinet
Calc/Solve default value K ford
—2 I 1 1 T T
Jan08 Apr08 Jun08 Sep08 Dec08 network at Westfor )
Fig. 7 Pressure and temperature values for Westford in the
Mark3 databases in 2008 and talc/Solvedefault value as-

sociated
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Fig. 8 Differences in WRMS between using different sources of

meteorological data for Westford and using Mark3 values or

the default value. R1 and R4 sessions from January 2002 ib Apr

2010. The baselines with Westford are indicated with a star

The second solution is to have a homogeneous network of
meteorological sensors associated to the point of measmtem
in the global network, observing and recording pressureteme
perature continuously. Of course, this solution is not igpple
to the existing data and database. But this supports théispec
tion for the VLBI2010 stations, showing the importance o th
two parameters pressure and temperature.
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Chair John Gipson
Analysis Center Director |Axel Nothnagel
Abstract In 2007 the IVS Directing Board established IVS Correlator Representatives|Roger Cappalo
Working Group 4 on VLBI Data Structures. This note discusses Colin Lonsdale
the history of WG4, presents an overview of the proposedstruGSFC/Calc/Solve David Gordon
ture, and presents a timeline for next steps. Leonid Petrov
JPL/Modest Chris Jacobs
Ojars Sovers
Keywords VS Working Group IV, netCDFCalc/SolveMark3  "Gccam Oleg Titov
databases, VLBI processing Volker Tesmer
TU Vienna Johannes Bohm
IAA Sergey Kurdubov
. Steelbreeze Sergei Bolotin
1 Introduction Observatoire de Paris/PIVEXnne-Marie Gontier
NICT Thomas Hobiger
At the 15 September 2007 IVS Directing Board meeting | pro- Hiroshi Takiguchi

posed establishing a “Working Group on VLBI Data StrucTable 1 Original Membership in Working Group 4
tures”. The thrust of the presentation was that, althougivitBI
database system has served us very well these last 30 ytears, i
is time for a new data structure that is more modern, flexiblas arrived at in consultation with the IVS Directing Boa@h
and extensible. This proposal was unanimously acceptatl, gdhe one hand, we wanted to ensure that all points of view were
the board established VS Working Group 4 . Quoting from theepresented. On the other hand, we wanted to make sure that
IVS website (Gipson, 2007): “The Working Group will exam-the size did not make WG4 unwieldy. The current composition
ine the data structure currently used in VLBI data processirind size of WG4 is a reasonable compromise between these two
and investigate what data structure is likely to be needetdn goals. My initial request for participation in WG4 was erglas-
future. It will design a data structure that meets current amn- tic: everyone | contacted agreed to participate with theption
ticipated requirements for individual VLBI sessions irdiig a  of an individual who declined because of retirement.
cataloging, archiving and distribution system. Furthewjll pre-
pare the transition capability through conversion of therent
data structure as well as cataloging and archiving softwéoe
the new system.” 2 History of Working Group 4

Changes to the VLBI data format affect everyone in the
VLBI community. Hence it is important that the Working Group o _ o
have representatives from a broad cross-section of the tvis ¢ WG4 held its first meeting at the 2008 IVS General Meeting in
munity. Table (1) lists the original members of IVS WG4 to-St- Petersburg, Russia. This meeting was open to the IVS com-
gether with their original affiliation&. The initial membership Munity. Roughly 25 scientists attended: 10 WG4 members, and
15 others. This meeting was held after a long day of proceed-
ings. The number of participants and the ensuing livelywdisc

John Gipson S . . o .
NVI, Inc./NASA Goddard Spaceflight Center, Greenbelt mpsion is strong evidence of the interest in this subject. Aofet
207’70 USA ' " “design goals, displayed in Table (2), emerged from thisugisc

sion. In some sense the design goals imply a combination and
1 Membership was subsequently reduced for various reasomstension of the current VLBI databases, the information-co
Colin Lonsdale resigned because of increased managementtaéned on the IVS session web-pages, and lots more infoomati
sponsibilities; Leonid Petrov left the Goddard VLBI grodmd, (Gipson, 2008, 2010).
most sadly the premature death of Anne-Marie Gontier.
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Table 2 Key Goals of New Format

3 Overview of New Organization

hofin a paper as brief as this it is impossible to completely de-
scribe the new organization and format. Instead | brieflydies

Ln-three of the key components: 1) Modularization; 3) Organize
SiZgata through wrappers; 2) Storing data in netCDF files;

ter3.1 Modularization

A solution to many of the design goals of Table 3 is to mod-

4 otllarize the data, that is to break up the data associatedawith
session into smaller pieces. These smaller pieces areipegan

Ompy ‘type_’, e.g: group d(_elay ob_s_ervable; met-data; editintpe
ria; station names; station positions; etc. In many, thougtall,

cases, each ‘type’ corresponds to a Mark3 database L-cafle. D
ferent data types are stored in different files, with gemeraily
ma9ne or a few closely related data types in each file. For exam-
ple, it might be convenient to store all of the met-data fotea s

_ tion together in a file. However, there is no compelling reetso
store the met data together with pointing information. tHplj

_the data in this way has numerous advantages, some of wieich ar
outlined below. The first three directly address the desiggisgy

The remaining are other advantages not originally specifiet
are consequences of this design decision.

Goal Description

Provenance |Users should be able to determine the origi
the data and what was done to it.

Compactness The data structure should minimize red
dancy and the storage format should emphg
compactness.

Speed Commonly used data should be able to be re-
trieved quickly

Platform/OS |Data should be accessible by programs wr

/Language |in different languages running on a variety] of

Support computers and operating systems.

Extensible |It should be easy to add new data types.

Open Data should be accessible without the neg
proprietary software.

Decoupled |Different types of data should be separate f
each other.

Multiple data |Data should be available at different levelg of

levels abstraction. Most users are interested only in
the delay and rate observables. Specialists
be interested in correlator output.

CompletenessAll VLBI data required to process (and yn
derstand) a VLBI session from start to finjsh
should be available: schedule files, email, |og
files, correlator output and final ‘database’.

Web All data should be available via the web

Accessible

1. Separable.Users can retrieve only that part of the data they
are interested.

2. Extensible. It is easy to add new data-types by specifying

During the next year the WG4 communicated via email and

the data and file format for the new data.

telecon and discussed how to meet the goals that emerged frotn Decoupled.Different kinds of data are separated from each

the St. Petersburg meeting. A consensus began to emerge.

The next face-to-face meeting of WG4 was held at the 2009
European VLBI in Bordeaux, France. This meeting was als¢-

open to the IVS community. At this meeting a proposal was put
forward to split the data contained in the current Mark3 basas

into smaller files which are organized by a special ASCII file
called a wrapper. | summarized some of the characteristids a

other. Observables are separated from models. Data that
won't change is separated from data that might change.
Flexible. Since different data is kept in different files, it is
easy to add new data types.

5. Partial Data Update. Instead of updating the entire

database, as is currently done, you only need to update that
part of the data that has chanded

advantages of this approach. Overall the reaction wasiymsit Data is also organized by ‘scope’, that is how broadly ap-
~In the Summer of 2009 we worked on elaborating thesgicanle it is; Does it hold for the entire session, for a jgart
ideas, and in July a draft proposal was circulated to Workingar scan, for a particular scan and station, or for a pdeticu
Group 4 members. Concurrently | began a partial implementgpseryation? Mark3 databases are observation orientetatal
tion of these ideas and wrote software to convert & subséof §g syqred once for each observation. This results in tremend
data in a Mark3 database into the new format. This partic“'?édundancy for some data. For example, consideX astation

subset included all data in NGS cards and a little more. The Sscan, with(N — 1) x N/2 observations, with each station partici-

set was chosen because many VLBI analysis packages ingludifing inN — 1 observations. Station dependent data, such as met

Occam, Steelbreeze, and VIEVS can use NGS cards as inputy|hginting data, will be the same for all observations iring

August 2009 we made availlable, via anonymous ftp, three VLB| given station. Storing this data once per observatioeausbf
sessions in the new format: an Intensive, an R1 and an RDV. once per scan results in aN { 1) fold redundancy.

2 This would be done by making a new version of the relevant
file, keeping the old one intact.
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Troposphere distributed collection of data access libraries for C, For-
Fro ete modeling Frc, etc. tran, C++, Java, and other languages. The netCDF li-

braries support a machine-independent format for repre-
senting scientific data. Together, the interfaces, libsri
Wrapper Atmosphere Loading and format support the creation, access, and sharing of

Schedule Info

scientific data.
NetCDF data is:
Ambiguity Editing
luti
e e Self-Describing A netCDF file includes information

about the data it contains.

Fig. 1 Wrappers organize the data. e Portable. A netCDF file can be accessed by comput-

ers with different ways of storing integers, characters,
and floating-point numbers.

e Scalable.A small subset of a large dataset may be
accessed efficiently.

The main disadvantage of breaking up the VLBI data into many e Appendable. Data may be appended to a properly
smaller files is that you need some way of organizing the files. structured netCDF file without copying the dataset or
This is where the concept of a wrapper comes in. A wrapper redefining its structure.

is an ASCII file that contains pointers to VLBI files assoaihte
with a session. VLBI analysis software parses this file andse
in the appropriate data. As new data types are added, oragsdat
updated, new versions of the wrapper are generated. Thearap
concept is illustrated schematically in (2). The wrapper serve
several different purposes:

3.2 Organizing Data by Wrappers

Sharable. One writer and multiple readers may si-
multaneously access the same netCDF file.

1. The wrapper can be used by analysis programs to speq T
what data to use.

2. Wrappers allows analysts to experiment with ‘what if’-sceg
nario. For example, to use another analysts editing aite!
all you need to do is modify the wrapper to point to to th Array 2 Array3
alternative editing file.

3. Because of the general structure of the wrapper, differd
analysis packages can use different wrappers that point|
different subsets of the VLBI data.

4. The wrapper is a convenient means of signaling to the I\
data ce_nter what informgtion i.s required. In this sce_naxio, Fig. 2 A netCDF file is a container for arrays.
user writes a wrapper with pointers to the relevant files and
sends it to the IVS data center. The data center packages the

data in a tar file and makes it available. At its most abstract, netCDF is a means of storing arrays in
files. The arrays can be of different sizes and shapes, anrd con
tain different types (in a programming language sense) t@af da
strings, integer, real, double, etc. Since most VLBI datsoisie
kind of array using netCDF is a natural choice. These files can
contain history entries which aid in provenance. Storingdia
netCDF format has the following advantage:

Working Group 4 reviewed a variety of data storage formats in
cluding netCDF, HCDF, CDF, and FITS. In some sense, all o
these formats are equivalent since there exist utilitiesao-
vert from one format to another. Ultimately we decided to us
netCDF because it has a large user community, and because S§V
eral members of the Working Group have experience with using’
netCDF. Quoting from the Unidata web-stte:

Array 1

Array 4

3.3 netCDF as Default Storage Format

i].. Platform/OS/Language Support.NetCDF has interface li-
braries to all commonly used computer languages running
on a variety of platforms and operating system.
Speed.NetCDF is designed for fast data access.
CompactnessData is stored in binary format, and the over-
head is low. A netCDF file is much smaller than an ASCII
file storing the same information.

NetCDF (network Common Data Form) is a set of in- 4 Open. NetCDF is an open standard, and software to

terfaces for array-oriented data access and a freely-  read/write netCDF files is freely available. )
5. Large User Community. There are many freely available

programs to work with netCDF files.

8 Www. uni dat a. ucar . edu/ sof t war e/ net CDF/
docs/faqg. ht M \ #whati si t
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Because of the open architecture of this system, | prop Other data ] Mark3
calling the new format “VLBI OpenDB Format”, or OpenDB fo database
short.

Calc/Solve dbase.lib

Program
4 Data Transition and Calc/Solve Issues
Mark3

The starting point for most IVS-analysis packages is a ‘\ders dcislzi
4" Mark3-databaskt A Version 4 database has all the ambig
ities resolved and the data is edited to flag bad data. Versic
databases are produced ®glc/Solvé. Hence any discussing o Other dat ] )
transitioning from Mark3 databases to OpenDB format muat ¢ erdata OpenDB
with the Calc/Solveransition as well.

It is useful to have an understanding of the key stages in
transformation of VLBI correlator output to a Version 4 dzae Calc/Solve 0 DB.lib
ready for distribution. The following describes the prairg at Program pentBd
Goddard. The details may differ at other institutions, betfun-
damentals remain the same. Anytime data is added to a Mi
database a new version is produced. OpenDB

1. For each ban®beditmakes a Version 1 database from tl
correlator output. Typically this is X- and S-band, althbu
a few sessions use other bands.

2. Dbcal inserts cable-cal and met, making a \ersion
database. Cable-cal and met data are used by most an:
packages. sure that it continues to work, and that at all stages we raiaint

3. Calc computes partials and a prioris, and creates a Vers continuity with previous versions. The conversionGalc/Solve
3 database. In contrast to cable-cal and met data, althc to use the new format is taking place in several steps.
much of this information is required olve it is not used
by other analysis package.

4. Interactive-Solveis used to resolve ambiguities, edit tr
data, apply ionosphere corrections, and merge the X-
S-band database together. The Version 4 database is rcauy
for distribution.

5. Many analysis packages use so-called “NGS cards”. Thi
is ASCII representation of a subset of the data in a Mark:
databaseDb2ngsextracts and converts the data from the
database.

Fig. 3 Replacing dbase.lib with OpenDB.lib allows us to almost
transparently produce OpenDB files.

1. To maintain compatibility with the current software, we a
developing a replacement for the database library which wil
read and write OpenDB format. In terms G&lc/Solvethe
function calls will be identical. This minimizes changes to
existing programs. This is illustrated schematically ig-Fi
ure 3.

. Inthe Summer of 2011 we will complet20penDBwvhich
converts a Mark3 database into OpenDB format. Origi-
nally this just converted the data contained in NGS cards.
Currently it converts about 90% of the datain Mark3

By design, the Mark3 database contains almost all of the databases.

data required to analyze VLBI datadowever reading a Mark3 3. | am modifyingGlobal-Solveto use OpenDB format instead

database is very slow. Because of this the Goddard VLBI group of superfiles. This process, begun in Fall 2010, should be

developed “superfiles” which contain a subset of the Mark3 also be complete in Summer 2011. Preliminary results indi-

database in binary form. Superfiles can be usebht@ractive- cate that there will be little, if any timing penalty. Thereyn
Solve but are typically used iGlobal-Solvewhich “stacks” in- be even be a slight performance boost because of reduced
dividual sessions together to obtain, for example, esémat I/0.

station position and velocity, or source positions.
SinceCalc/Solves used to produce Version 4 databases, the
IVS cannot completely transition to the OpenDB format until
Calc/Solveis modified to handle it. A serious obstacle to modi5 Next Steps
fying Calc/Solves that it is operational software. We must make

- In the previous section | discussed the status ofGh&/Solve

% Perhaps in NGS card format. analysis software. Below | summarize the status of somer othe
5 Here“Calc/Solve” refers to the entire suite of software devel-analysis packages.

oped to process and analyze Mark3 databases.

6 A few notable exceptions include EOP, atmospheric loading,This excludes some items obsolete or unused items such as the
VMF data, and information about breaks in station position. numerical value oft, or the speed of light.
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e Inthe Fall of 2009 and in the Spring of 2010 the VLBI group
at the Technical University of Vienna developed the intsfa
to VieVs

e Oleg Titov has begun re-writing Occam to use the new for-
mat.

e Thomas Hobiger has indicated that C5++ will be modified
to use the new format.

In terms of transitioning to the new format:

1. We will make one year of VLBI data available in OpenDB
format in July 2011. This will give software-developers
something to work with.

2. Interfacing to the new format will give real world expere
and may lead to fine-tuning of the specifications. The final
specifications will be ready in Fall 2011.

3. In 2012 we will make available all VLBI data in OpenDB
format.

4. We will present the final report of IVS WG4 at the 2012
General Meeting.

After the 2012 IVS General Meeting Working 4 will dis-
solve.
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Improved velocities of the "Quasar” network stations

I. Gayazov, E. Skurikhina

Abstract VLBI observations performed after release ofderived independently in ITRF2008 and in result the addéio
ITRF2008 have been used for improvement of velocities of therrors arise. This is the case of co-located stations Zc ahd B
"Quasar” network stations Svetloe, Zelenchukskaya an@Bad of the "Quasar” VLBI network. Differences of velocities det
Obtained values of velocities being compared with thosel@r mined in VLBI and GPS sub-frames of ITRF2008 for station Zc
from GPS data show agreement within 1.5 mm/y. Baselines ferceed 3 mm/y and for the Bd station differences between VLBI
VLBI antenna reference points and GPS antenna markers shamd DORIS results reach up to 5 mm/y (see Tab. (1)).
the consistency within 10 mm for the epoch 2005.0 when taking Therefore, VLBI observations performed after release of
into account local tie parameters. ITRF2008 have been used for improvement of velocities of the
"Quasar” network stations.

Keywords Network stations, Coordinates and Velocities

Station Velocity ITRF2008

components/LBI | GPS|DORIS
Vx, mm/y |-18.4/-18.
1 Introduction Sv | vy, mmly | 12.513.7
Vz, mm/ly | 8.4 9.0
VX, mm/y |-20.0|-22.

The new version of International Terrestrial Referencenfera Zc | Vy, mmly | 16.4| 14.4
ITRF2008 (Altamimi et.al., 2011) is the combination of difént Vz, mmly | 11.6| 9.2
space geodesy technique solutions with local ties at catitoe Vx, mmly |-31.3 26.2
sites. The agreement between local ties and space geodesy es Bd | vy, mmiy | -0.1 0.1
mates of station coordinates has been carefully investigahen Vz, mmly | -4.4 -3.8

deriving the ITRF2008 solution. Nevertheless, for seveml
location sites there were rather large discrepancies leattese
types of data. These discrepancies occurred not only irdcoor
nates of co-located stations, but also in their velocigepgecially
for stations with short observational history.

For co-location sites which form regional networks with-cer
tain self-dependence the agreement between coordinates&an .
locities of various instruments at the site and local tieadat 2 IMprovement of Velocities
considered as definite criterion of quality. Namely in trositext

the Russian VLBI network "Quasar” observatories (Badants-B reqylar VLBI observations at the "Quasar” network observa-
Svetloe - Sv, Zelenchukskaya — Zc) (Finkelstein et.al.8Y@0 (5 ies were carried out under series of IVS programs: IVS-R1
examined in the course of thiswork. IVS-R4, EURO, VLBA, IVS-T2, IVS-Intensives. At the begin-

The consistency of geocentric coordinates of VLBI antenngng of 2011 all diurnal sessions of VLBI observations (see
reference points and GPS markers a@ the qbsgrvatones of #g, (2)) with participation of these observatories havenero-
"Quasar” network has been tested earlier taking into adtloun  cegqeq by using OCCAM program package and the new series of
caltie parameters (Gayazov and Skurikhina, 2008). How&ver neir coordinates in ITFR2008 has been obtained (Fig. ), (
velocities of co-located instruments of this network stasiwere (3)). Velocities of VLBI antenna reference points of theea-
tories were calculated from these time series of coordnate

Table 1 Comparison of velocities of the "Quasar” network sta-
tions determined by various techniques

I. Gayazov, E. Skurikhina Continuous GPS observations at the "Quasar” network sta-
Institute of Applied Astronomy, RAS, tions have more prolonged history than VLBI observations. A
Kutuzova 10, 191187 Saint Petersburg, Russia IGS network stations SVTL and ZECK GPS observations are
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Station Time span |Number of sessions
Zc [2006.0 - 2011.p 161
Bd |2007.2-2011.p 97
Sv |2003.2 - 2011.p 218

Table 2 Data used for determination of VLBI antenna coordi-

nates at the observatories

Badary, X - (-838200.8479 -.0286*(t-2005.0)), m
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Fig. 1 Series of VLBI Antenna coordinates of the Badary st

tion.

Svetloe, X- (2730173.8184 -.0184*(t-2005.0)), m
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Fig. 2 Series of VLBI Antenna coordinates of the Svetloe sta-

tion.
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Fig. 3 Series of VLBI Antenna coordinates of the Zelenchuk-

skaya station.

been well determined in ITRF2008. As for the velocity of the
BADG station it has been derived from GPS observations at 4-
year time interval (March, 2005 — March, 2009) processedgusi
at_he GRAPE program package (Sharkov and Gayazov, 2009).

3 Comparison of VLBI and GPS Results

Velocities of stations of the "Quasar” network obtainednfro
VLBI and GPS observations are presented in Tab. (3). The com-
parison of data shows, that the improved velocities are iaeg
ment at the level of 1.5 mm/y in all components, and the great-
est differences are observed in height and east comporsags (
Tab. (4)). It can also be seen from (Tab. (1)) that for Bd obser
vatory both VLBI and GPS results are closer to values derived
from DORIS data than to VLBI solution in ITRF2008.

Station Velocity | Technique|Differences
components/LBI [ GPS
Vx, mm/y |-18.4|-18. -0.2
Sv | Vy, mmly | 12.2| 13.7] -15
Vz, mm/ly | 8.1 9.0 -0.9

VX, mmly |-20.9|-22. 1.3
Zc | Vy,mmly | 14.8| 14.4 0.4
Vz, mmly | 9.6 9.2 0.4
VX, mmly |-28.6|-27. -1.3
Bd | Vy,mmly | -2.2| -2.2 0.0
Vz, mmly | -4.9| -5.3 0.4

carried out beginning from 1997 and at BADG station (Bd oblable 3 Comparison of improved velocities of stations

servatory) — since 2005. Therefore there was not necessity-t

prove velocities of SVTL and ZECK GPS stations which have
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Statiol Velocity differences V. Sharkov and I. Gayazov. Improvement of the Badary Obser-
Vi, mmAy\Ve, mm/y|Viy, mmly vatory Velocity from GPS-Observation$AA RAS Transac-
Sv 0.4 -1.2 -1.2 tions, v.20, Naukapages 496-500. Saint Petersburg, 2009
Zc -0.6 -0.6 1.2 (in Russian).
Bd 0.0 1.3 0.5

Table 4 Differences of VLBI and GPS velocities transformed to
local systems

In 2010 the recurrent geodetic surveying of local tie parame
ters has been implemented at all observatories of the "@uasa
network. The new set of local tie parameters have been used
to reduce baselines between GPS antenna markers to those for
VLBI antenna reference points. The agreement of GPS baselin
reduced in that way with the VLBI derived baselines serves as
an additional characteristic of the network. For baselesZc,
Sv-Bd, Bd-Zc these differences referenced to the epoch.2005
were correspondingly equal to -3.2, -4.8, 9.7 mm.

Baseline Sv-Zc, m Sv-Bd, m Bd-Zc, m
VLBI 2014661.045@1281660.52931404836.1898
GPS (reduce¢2014661.048 m281660.534M404836.1801

Table 5 Baselines for VLBI antennas compared with reduced
baselines for GPS markers for epoch 2005.0

4 Conclusions

The level of agreement between coordinates and velocifies o
different space geodetic instruments and local tie datdheat t
"Quasar” VLBI network stations has been examined. Process-
ing VLBI and GPS observations carried out during last years
has allowed to improve velocities of the network obseniator

in ITRF2008 and to reduce the discrepancies between VLBI and
GPS results to level 1.5 mm/y. Baselines obtained from VLBI
and GPS data are consistent within 10 mm for the epoch 2005.0.
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Crustal movements in Europe observed with EUROPE and IVS-T2
VLBI networks

N. Zubko and M. Poutanen

Abstract The comparative analysis of tit)ROPEandIVS-T2
geodetic VLBI sessions has been performed. The main purpc : 5
of both campaigns is to observe and accurately determine 1 4 A e~ VP iEsrroRD bete

VLBI station coordinates and their time evolution. In thisak e LAl
ysis our interest is to understand the influence of network co/ | PR e
figuration on the estimated parameters and, also, how much "o

results of these two campaigns are consistent. We have bhised{ ™\ S0e W

VieVS software developing at Vienna University of Techrilo R “ms

to analyze th&UROPEandIVS-T2sessions of 2002-2009. We oy

have analyzed differences in station time series obtainéd w

these two networks and the effect of network configuratiosh ar OHIGGINS

station selection. The EPN (EUREF permanent GNSS Networ

and IGS (International GNSS Service) networks can be used to
compare the results. Fig. 1 EUROPE(shown with circles)andVS-T2 (shown with

circles and triangles) observing networks

Keywords Crustal movement&UROPE IVS-T2
2 Data selection

1 Introduction We analyze the observation data obtained duBfROPEand
IVS-T2campaigns in 2002—2009. Figure 1 presents locations of
VLBI stations participating in those campaignsI#s-T2we se-

The main purpose of thEUROPEand IVS-T2geodetic VLBI lected sessions which included stations participating ial&U-

campaigns is to estimate Terrestrial Reference Frame (TIREE) ROPE sessions. We excluded some sessions and stations with

VLBI stations participating inVS-T2 sessions are distributed poor quality of data. Figure 2 shows number of observatiea se

around the world; whereas, BUROPEcampaign only Euro- sions for each station involved into analysis, where witlygand

pean stations take participation. Configuration of the neétw black bars the participations BUROPEand IVS-T2sessions

evidently affects the estimated parameters. In order twshmal  respectively are represented . We present results foradibss,

evaluate that effect we analyze data from these campaigns. contributing in more than 10 observation sessions for eaai ¢

The crustal motion in Europe observed with Europeapaign.

geodetic VLBI network have been studied by, e.g., Haas et al.

(2003), Tomasi et al. (1999). In the current work, we estepat-

sitions of the VLBI radio antennas withBUROPEandIVS-T2

networks to compare them. For the analysis we have used Vie$S Raglts

software (Boehm et al., 2009). From our analysis we have ob-

tain time series of estimated positions of VLBI radio anten

for each network. Using the time series we obtain horizoatal Using VieVS software, we estimate the coordinates of VLBI ra

vertical velocities for each VLBI antenna. dio antennas. For the analysis, the NNR and NNT conditioas ar

applied. We choose VTRF 2008 as a reference frame. Figures 3

and 4 show time series of estimated x, y and z coordinatetsffse

from VTRF- 2008 and their standard deviations for some VLBI

Nataliya Zubko and Markku Poutanen
Finnish Geodetic Institute, Geodeetinrinne 2, MasalalaRih
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stations participating itEUROPEand IVS-T2campaigns. The ™~ -2 d t ~ 2 t
linear least-squares fitting is applied to the data (reds)ine 2002 2004 2006 2008 2010 2002 2004 2006 2008 2010
The results presented in Figures 3 and 4 show that the sci
tering of data points in thEUROPEsessions is smaller than for NOTO NOTO

IVS-T2sessions. The same holds also for the standard deviatio } 1
of estimated coordinate. It can be assumed that the statwa-m { it
X R - b E
ment could be estimated with higher accuracy using data froi F_L}—f*JT‘L? #
EUROPEcampaign than the data frofddS-T2sessions. Y t }
As can be seen from Figures 3 and 4 the trend of the line¢ 002 2002 2008 2008 2010 2002 2004 2006 2008 2010

fit can be opposite for these networks. This can be resultfof di
ference in the network configurations; however, the unoggta } 2 s }l
* —
2002 2004 2006 2008 2010 2002 2004 2006 2008 2010

f»&&‘
[~

X offset, cm
[ =]
X offset, cm

i

of the fit is in many cases so large that it will affect the resul
We have performed a comparative analysis of the time serie
obtained by VLBI and GPS techniques. Using the time series w
estimate horizontal and vertical velocities for each améerfrig-
ures 5 and 6 show horizontal velocities obtained from VLBbda

Y offset, cm
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Y offset, cm
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(white arrows) and from GP_S data (blac_k arrows). To'minimize ; ) s t _} ; - {i 4
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station Wettzell. The GPS data for velocities presentedgatrBs  ~ -2 4 N2 it 1

5 and 6 have been calculated using GPS time séries 2002 2004 2006 2008 2010 2002 2004 2006 2008 2010

As one can see in Figures 5 and 6, the velocities of Medic-
ina, Onsala, Svetloe derived froBElUROPEcampaign are bet- Fig. 3 X, Y, Z coordinate offsets from TRF and their standard
ter consistent with the GPS results than frdvs-T2 However, deviations ofEUROPEandIVS-T2sessions
for Noto station the horizontal velocity obtained wEUROPE
VLBI data is two times higher than the speed retrieved wittSGP
tgchnlque. Metsahovi has participated in geoVLBI campaig EPN network values. We can see a network selection effect in
since 2005 and the small amount of data can affect the resyjt;, ,a| velocities, although in many cases uncertgsnof the
The VLBI results for NyAlesund does not agree well with GPStrendline are too large to make any definite conclusion. More

de_lta. Ne_ve_rtheless, for this station, the _directions Oﬁ"’f‘“"_b' analysis are needed to understand the reason for diffeyence
tained withinEUROPEandIVS-T2campaigns nearly coincide.

4 Conclusions

We have analyzed the geodetic VLBI observation sessions,
which have been collected during 8 years witBldROPEand

IVS-T2campaigns. The station velocities acquired with these two
networks were compared and a comparison is also made with

1 http://sideshow.jpl.nasa.gov/mbh/series.html
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paign (white arrows) and GPS data (black arrows).
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Validation Experiment of the GPS-VLBI Hybrid System

Y. Kwak, T. Kondo, T. Gotoh, J. Amagai, H. Takiguchi, M. Sekido, R. Ichikawa, T. Sasao, J. Cho, T. Kim

Abstract We carried out 24-hour GPS-VLBI (GV) hybrid ob- 1 Introduction
servation between Kashima and Koganei baseline to val@dte
hybrid system on December 25, 2009. We could detect the-cor
lation peaks of GPS signals with high signal to noise ratit{p
from correlation processing as well as quasar signals. GRS
nals were regarded as white noise signals in correlatiooesss
ing. Although effective bandwidth of GPS signal is smalteart

@pace geodetic techniques, Very Long Baseline Interfetigme
(VLBI), Global Navigation Satellite System(GNSS), Satell
SLaser Ranging (SLR) and Doppler Orbitography and Radiopo-
sitioning Integrated by Satellite (DORIS), are the key teghes

that of geodetic VLBI observation, larger SNR of GPS Signatlgaconstruct International Reference Frame and to determin

compensates for the disadvantage in the bandwidth. Howevl?qrtgrr:\eiiré)irelatla'lt'lgrrr]e?s?rringé?éféﬁcoepgr;nlqseI?Iq'IF'JI(?)IS:?ZLedtome?nE-!
scatters of the O-C (Observed-Calculated) of GPS data fhem t T

actual analysis results were bigger than expected theroiskn ponent of EOP with sole technique. For instance, VLBI can-

) . ot determine the origin of the TRF since VLBI only measure
errors. In this paper, we discuss the results of the 24-hur dtqhe baselines between stations. Satellite geodetic tgehriiself

hybrid observation and the causes of the larger scatterP& G . .
leta 9 cannot determine UT1 related to the rotation angle of théhEar
' since longitude of the ascending node, one of satellitearbi-
ements, is correlated with UT1. For more detail, see Plag and

Keywords VLBI, GPS, combination of space geodetic techP€ariman (2009).

niques, GPS-VLBI hybrid system, GPS-VLBI hybrid observa- To compensate t_hose Iimitations,_lnstitut Géographigae N
tion tional (IGN), International Earth Rotation and Referengstém

Service(IERS) International Terrestrial Reference Sy¢fERS)
product centre, combines the products of all space geodetic
techniques (Altamimi et al., 2002). Deutsches Geodatisch
Forschungsinstitut(DGFI), IERS ITRS combination cenalsp
combines the normal matrices and normal vectors of all space
geodetic techniques (Angermann et al., 2004).

Y. Kwak, J. Cho _ _ In this paper, we approach the combination method in ob-
Korea Astronomy and Space Science Institute, 77Qgnation level, especially hardware step. CombinaticBlobal
Daedeokdae-ro, Yuseong-gu, Daejeon 305-348, Republigsitioning System(GPS), one of GNSS techniques, and VLBI

of Korea in hardware step is feasible since both techniques meaaure r
T. Kondo, T. Gotoh, J. Amagai, M. Sekido, R. Ichikawa dio signal. The most efficient combination method of two tech
Kashima Space Research Center/NICT, 893-1 Hirai, Kashim#dues is to perform sampling, recording and correlatiothi:
Ibaraki, 314-0012 Japan same manner, while maintaining advantageous charaatsrist
. . for radio-wave reception in each of the observation teahesq
H. Takiguchi (Kwak et al., 2010b). This concept, so called GPS-VLBI(GV)

Institute for Radio Astronomy and Space Research, Aucklanghy iy system, was suggested for the first time in Kwak et al.
University of Technology, Duthie Whyte Building, Level 120 500ga) and evolved in Kwak et al. (2008b), Kwak et al. (2010a
Mayoral Drive, Auckland 1010, New Zealand and Kwak et al. (2010b). Similar approach to the observation

T. Sasao level combination was also proposed by Dickey (2010). Torna
Yaeyama Star Club, 2097-2 Arakawa, Ishigaki, Okinawgore et al. (2010) proceed the observation level combinaitio
907-0024 Japan another approach.

T. Kim

Ajou University, San 5, Woncheon-dong, Yeongtong-gu, Suwo
443-749, Republic of Korea

154



Validation Experiment of the GV Hybrid System 155

2 GPS-VLBI Hybrid System | VLBl | GPS
Bandwidth per channel(MHz) 8 32
) ) ) ) Number of channels 12 2
GV hybrid system is a novel observation method to combine Bit number(bit/sample) 1 1
VLBI and GPS techniques in observation level. In the system, Observation time(seconds) ||~ 55,804~ 86,400
VLBI antennas and GPS antennas located at the same site, si-  Recording rate(Mbits/sec) 192 128
multaneously receive signals from quasars and GPS sesgllit  Total data volume for 24 hours(TH) 1.3 1.4
respectively. Both signals are sampled and recored inizl#nt  pata volume in this experiment(TR) 1.3 05

types of samplers and recorders that refer to identical bty . )
maser clock. The signal processing and data generationrof nheble 1 Data yolume per station of VLBI and GPS during 24-
mal GPS observation are carried out inside commercial GPS RPUr GV hybrid observation

ceiver. Hence, signal transmission cable should be djrecth-
nected from the output terminal of GPS antenna to normalgeod”
tic VLBI system in order to realize GV hybrid system. Since
geodetic VLBI down-converters are dedicated to S/X band sig
nals, an additional GPS down converter is introduced toednv
original GPS L1/L2 signals to input signals for VLBI sampler
For more detail, see Kwak et al. (2010b). Both data of quasars|.-
and GPS satellites are recorded in normal geodetic VLBI data
format, Mark5 or K5. In principle, VLBI type data of quasars;s:
and GPS satellites can be correlated in normal VLBI correla-
tor. The correlation output is group delay of S/X band data fo
quasars, and of L1/L2 data for GPS satellites. The idea is-not
ing but processing an additional frequency band of radinaig ==
in VLBI system.

3 Validation Experiment

On the basis of successful VLBI type observation of GPS (Kwe
et al., 2010b), we construct 24-hour GV hybrid observation f
validation of GV hybrid system. We focus on the validity oéth
GV hybrid system in this paper. The schedule file of geodet
VLBI observation includes the coordinates of the radio sesr
and stations, and observation schedule. The antenna iopera
program reads the observation information and adjusts the n
tion of a antenna to target the source. However, the schéitkile
of GPS does not need the coordinates of the GPS satellits sin ] )
a GPS antenna is an omni-directional antenna. The startiie Fig-2 A block diagram of GV hybrid system
the end time of each observation and the position of anterena a
sufficient for GPS schedule file. The 24-hour GV hybrid obser-
vation was held during 12:12:00UTC 25th to 13:00:00UTC 26th  |n 24-hour GV hybrid observation, four units of
December 2009 for over 24 hours. In 24-hour geodetic VLBk5/VSSP-32, developed by National Institute of Informa-
session, actual observation recording time is about 8 r&cg  tion and Communications Technology(NICT), are applied for
it takes time to move a big antenna to the next source from tBgampling and recording data. Each K5/VSSP32 unit is able
previous source. Meanwhile, continuous 24-hour obsemaif to deal with four observation channels. However, the céntro
GPS part is possible since it is not necessary to move a GB8 of a K5/VSSP32 unit cannot support the simultaneous
antenna. The data volume generated by 24-hour GV hybrid ofbservation of a quasar and GPS satellites. Hence, we set up
servation is shown as Table (1) . four S-band channels in a unit, eight X-band channels in two
Owing to limitation of hard disks, we took 1-minute on andunits and GPS L1 and L2 channels in a unit(Figure (2)). While
2-minute off GPS observation strategy for every 3 minutes ifhe sampling frequency of S/X band channels are 16MHz, the
this validation experiment . According to Kwak et al.(2010)sampling frequency of GPS L1/L2 channels are 64MHz to cover
1-minute observation is enough to get high signal to noise ridividual channels whose main-lobe width is 20.46MHz.
tio(SNR). The observation was carried out on the baseline be The observation data are recorded in K5 data format. The K5
tween Kashima and Koganei, Japan(Figure (1)). data format is able to be converted to Mark5 data format. ik th

4

Correlator

=l

SV [aw]
3

1 VSSP: Versatile Scientific Sampling Processor
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Fig. 3 Number of simultaneously observed GPS satellites above ]

15 degree cutoff angle in elevation Fig. 4 Observed - Calculated (O-C) values of L1 and L2 signal
of a GPS satellite, Space Vehicle(SV)01. It shows path fengt
differences in L1 and L2 cables.

study, we take K5 data format since we make use of K5 software 2000 ‘

correlator. The K5 software correlator has also been dpeelo 1800 | ) SNR |
by NICT (Kondo et al., 2003). T

We utilize ‘apricalc’, which is the VLBI a priori group de- 1600 1 . " 1
lay generating program developed by NICT, to get a priorugro 1400 - 1
delay of quasar. Meanwhile, we simply calculate path ledgth 1200 N 1
ference of radio wave to obtain GPS a priori group delay. T§hat £ 1900 | i
analogous to single difference in GPS technique. The ordy di ® 800 1 |
tinction is we take difference value from the correlatiosulg, #

; 600 | B 1

group delay. We make use of broadcast ephemerides of Inter- et .
national GNSS Service(IGS) to calculate the a priori cauaté r Tl ]
of GPS satellites. Every correlation processing is camigfor 200 ot e
every channel. The processing time of K5 software correlato 0 : : : : o
solely depends on computational performance of a proagssin 14 1 timlea(hour) v 1

computer. As usual VLBI data processing, bandwidth symshes

technique is applied to correlated S-band and X-band deta, Fig. 5 Correlation peak SNR variation of L1 signal of a GPS
spectively. Because L1-band and L2-band data containgll skatellite, SV01, during the observation

nals of GPS satellites on the sky, the correlation procgdsas
to be repeated the number of GPS satellites with distindiNay
values for the identical signal. We set cut-off angle 15 degn
elevation for GPS satellites to avoid severe multi-patbatff. At
least five satellites were on the sky, above 15 degree inte@aya
during the experiment(Fig (3)).

as usual. Therefore uncalibrated effects are obviouslgried

in delay values. Phase/Delay Calibrator of GPS part shoeld b
taken into account in next version of GV hybrid system for ac-
curate group delay. The scatters of the O-C of all GPS satelli
signals are a few nanoseconds level which is consideragbebi
than general uncertainty of VLBI group delay, 0.1 nanosdson
level.

4 Results Meanwhile, Fig (5) shows the SNR variation of correlation
peaks of a GPS satellite L1 signal during the observatioBP§

Final correlated data are group delays of S-band and X-bated dSignals are regarded as white noise, the expected errorsub g
for quasars, and of L1-band and L2-band data for GPS satff@ys of all GPS satellite signals are more or less 100 pieos
lites. In this paper, we do not discuss group delays of qsaseﬂ”ds for L1 signal and a few hundred picoseconds level for L2
since they are the same as those of regular VLBI observationd"a!

Fig (4) shows Observed - Calculated (O-C) values of L1 and L2

signal of a GPS satellite, respectively. The referenceeshre

ionosphere calibrated O-C of two frequencies. Both values a

biased and they are about 10 nanoseconds apart. In thigvalid

tion experiment, Phase/Delay Calibrator is not installeGPS

signal processing part while it is already applied in VLBIpa
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5 Conclusions Y. Kwak, T. Kondo, T. Gotoh, J. Amagai, H. Takiguchi,
M. Sekido, R. Ichikawa, T. Sasao, J. Cho, and T. Kim, VLBI

The 24-hour GV hybrid observation was successfully cawigd Type Experimental Observation of GP&urnal of Astron-

GPS signals were stably sampled and recorded in VLBI Sy§- var\/r;l):(ar']rd 222;2 S‘(]:legﬁ)?, F;F:]dl?.?l}ggq Zglgvb Approach to

te_m during the 24-hour gxperlment..Many GPS satellites show VLBI-GPS Combination,In International VLBI Service for
high correlation SNR which would yield 0.1 nanosecondslleve
of thermal noise error assuming white noise. However AQua Geodesy and Astrometry 2006 General Meetip8a

IS ssuming whi IS€. Fowever, aclia -, Kwak, T. Sasao, J. Cho, and T. Kim, New suggestion for

e e e et ga. JBIGPS cambined obseaton i Asia Oceana Geo-
P 9 sciences Society Fifth Annual Meetjrap08b

tion ?Xpe”“.“e”t' Spegtral characteristic of GPS §|gnal nats H.-P. Plag and M. Pearlman (eds), The Global Geodetic Observ

considered in correlation model. Phase/Delay Calibraas mot . ) : . .

applied in GPS part. Phase center of GPS antenna were not tookIng System: Meeting the Requirements of a Global Society
pp part. on a Changing Planet in 2020, Springer, 2009

:?;?vsecf;ggltcmat?elz igﬁ:ysl'é'SAb?gnggZp ﬁsﬁﬁ dO;sGWPgaSSé\c/f Tornatore and R. Haas, Planning of an Experiment for VLBI
9 P Tracking of GNSS Satellitedn International VLBI Service

clared accuracy Is about 1 me?er: Consequently, thoseréaeto for Geodesy and Astrometry 2010 General Meeting Proceed-
sulted in considerable uncertainties of group delays. ings (eds. Behrend, D. and Baver, k2p10
Therefore, GV hybrid system will be improved and extended ’ . '
in various aspects,
o better correlation model considering characteristicsP8Gig-
nals such as real spectrum and code nature,
e consideration of GPS specific problems such as phase center
variation and multi-path,
e better instrumentation in use of Phase/Delay Calibratdrcan
ble ducts,
o better a priori delay model in use of precise GPS ephemerides
In the experiment, the baseline is rather short to determine
global parameters, e.g. satellite coordinates, EOP and CRF
order to contribute to determine global parameters, eafhgci
UT1 and CRF which only VLBI technique is able to determine,
for GV hybrid system, lager network of GV hybrid system is
required.
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Towards an accurate alignment of the VLBI frame and the futur e
Gaia frame — VLBI observations of optically-bright weak
extragalactic radio sources: Status and future prospects

G. Bourda, A. Collioud, P. Charlot, R. Porcas, S. Garrington

Abstract The space astrometry mission Gaia will construct Keywords VLBI observations, extragalactic radio sources, ce-
dense optical QSO-based celestial reference frame. For ctestial reference frame, Gaia
sistency between optical and radio positions, it will be amp
tant to align the Gaia and VLBI frames with the highest accu-
racy. However, the number of quasars suitable for this align
ment is currently rather limited (Bourda et al., 2008). Itswa] Context
hence realized that the densification of the list of such aibje
was necessary. Accordingly, we initiated a multi-step VIdBF
servational project, dedicated to finding additional dilgara- During the past decade, the IAU (International Astronomica
dio sources for a”gning the two framesl The Sample Conefsts Union) fundamental Celestial reference frame was the |IARF (
~450 optically-bright radio sources, which have been setectternational Celestial Reference Frame; Ma et al., 1998gFal,
by cross-correlating optical and radio catalogs. Theahibser- 2004), composed of the VLBI (Very Long Baseline Interfereme
vations, aimed at checking whether these sources are alefiect try) positions of 717 extragalactic radio sources, meabtmm
with VLBI, and conducted with the European VLBI Network indual-frequency S/X observations (2.3 and 8.4 GHz). Sinani J
2007, showed an excellento0% detection rate (Bourda et al.,uary 2010, the IAU fundamental celestial reference frame ha
2010) The second Step’ dedicated to extracting the mast_poibeen the ICRF2 (IERS Technical Note 35, 2009), successor of
like sources of the Sample by |mag|ng their VLBI structure§,he ICRF. It includes VLBI coordinates for 3414 eXtragamCt
was initiated in 2008. About 25% of the detected targets wef@dio sources, with a floor in position accuracy ofés and an
observed with the Global VLBI array during a pilot imaging@Xis stability of 10uas.
experiment, revealing-50% of them as point-like sources on ~ The European space astrometry mission Gaia, to be launched
VLBI scales (Bourda et al., 2011). The rest of the sourceswei? March 2013, will survey all stars and QSOs (Quasi Stellar
observed in March and November 2010 with the final imagingbiects) brighter than apparent optical magnitude 20 yfen
experiment in March 2011. And finally, the third step of thit al., 2001). Using Gaia, optical positions will be deteved
project, dedicated to measuring accurately the VLBI positf With an unprecedented accuracy, ranging from a few tepsasf
the most point-like sources of the sample, will be initiated at magnitude 15-18 to about 2Qfas at magnitude 20 (Linde-
2011. gren et al., 2008). Unlike Hipparcos, Gaia will permit thalre
ization of the extragalactic celestial reference framedly at
optical bands, based on the QSOs that have the most accurate
positions. A preliminary Gaia catalog is expected to belalste
by 2015 with the final version released by 2020.
In this context, aligning VLBI and Gaia frames will be cru-
Géraldine Bourda, Arnaud Collioud and Patrick Charlot cial for ensuring consistency between the measured radiogn
Laboratoire d'Astrophysique de Bordeaux, Université d&-B tical positions. This alignment, to be determined with tighlst
deaux, CNRS/UMR5804, 2 rue de I'Observatoire, BP89, 332%curacy, requires several hundreds of common sources awit

Floirac Cedex, France uniform sky coverage and very accurate radio and optical po-
sitions. Obtaining such accurate positions implies thatlihk

Richard Porcas sources must be brighter than optical magnitude 18 (Mignard

Max-Planck-Institut fur Radioastronomie, Auf dem Hudgd, 2003), and must not show extended VLBI structures.

53121 Bonn, Germany In a previous study, we investigated the potential of theHCR

for this alignment and found that only 70 sources (10% of Hie ¢
Simon Garrington alog) are appropriate for this purpose (Bourda et al., 200&s

University of Manchester, Jodrell Bank Observatory, Masel highlights the need to identify additional suitable radioises,
field. Cheshire SK11 9DL. UK which is the goal of a VLBI program that we initiated four ygar
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ago. This program has been devised to observe 447 optically-

bright extragalactic radio sources, on average 20 timekavea 100 + X-band: 432 sources; median = 26 M= 1
than the ICRF sources, extracted from the NRAO VLA Sky Sur- Ml
vey, a dense catalog of weak radio sources (Condon etaB)199 & 8o}
The observing strategy to detect, image, and measure &ecura 3
VLBI positions for these sources is described in Bourda et al < 60 [ |
(2010). In this paper, we give the status of this program atdo =~ &
‘ 8 |
line future prospects. 5 40 >100may
20
i 0
2 The observing program 0 10 20 30 40 50 60 70 80 90 100
X-band flux density (mJy)
2.1 VLBI detection 1001 S-band: 399 sources; median = 46 nwy==
The initial observations, whose goal was to assess the VLBI § 80+
detectability of the 447 targets, were conducted with theoEu 3
pean VLBI NetworR (EVN), recording at 1 Gbps in a geodetic- g 60 -
style dual-frequency S/X mode, in June and October 2007 (dur &
ing two 48-hours experiments, EC025A and EC025B, respec- £ 40t
tively). These showed excellent detection rates of 97% haid =
and 89% at S-band. Overall, 398 sources were detected at both 20 ¢
frequencies, corresponding to an overall detection ratbofit

89% (Bourda et al., 2010). The mean correlated flux densities
were also determined for each source and band by averageng ov
all scans and baselines detected (see Fig. (1)):

0
0 10 20 30 40 50 60 70 80 90 100
S-band flux density (mJy)

o At X-band, 432 sources were detected and the mean corfdd- 1 Mean correlated flux density distribution, at X- and S-
lated fluxes ranged from 1 mJy to 190 mJy, with a mediafands, for the sources detected in ECO25A and EC025B. The

value of 26 mJy. corresponding median values are 26 mJy and 46 mJy, respec-

e At S-band, 399 sources were detected and the mean coff¥e!Y:
lated fluxes ranged from 8 mJy to 481 mJy, with a median
value of 46 mJy.

105 of the 398 previously detected sources. As a result, all
sources were successfully imaged at both bands (Bourda, et al
2011; see http://www.obs.u-bordeauxl.fr/BVID/GC030heT
2.2 VLBI imaging total flux densities of these sources were determined at ®oth
and X-bands (see Fig. (2)), as well as their continuous tsireic
Proceeding further with our program, the second step was tcj}lr?’dices (see Fig. (3); for a definition of tl®ntinuousstructure
: . . ; ndex see e.g. Bourda et al., 2011). We showed that about 50% o
geted at imaging the sources previously detected, using tt}ﬁeese targets were point-like sources (i.e. 47 sourcesfdl@®
global VLBI network (EVN+VLBA; Very Long Baseline Ar- o

. - . observed had an X-band structure indes.0).
ray), recording at 512 Mbps in a geodetic-style dual-fregye Additional imaging experimentavere then carried out with
S/X mode, in order to identify the most point-like sourcesl an ging exp

therefore the most suitable ones for the alignment. the global VLBI array to observe the remaining 290 sources, d

A pilot imaging experimerftwas carried out in March 2008 ing 144 hours:
(during 48-hours; experiment designated GC030) to image In March 2010 (97 sources), during 48 hours;
e In November 2010 (118 sources), during 57 hours;
! The network comprised the antennas of Effelsberg, Medjcina In March 2011 (75 sources), during 38 hours.
Noto, Onsala-25m, as well as the 70-m Robledo telescope

We are now analyzing these three global observations irr tode

art of the time (in October 2007). .
5 ( . ) determine the VLBI structures of the targets and to extraet t
The network comprised 5 telescopes of the EVN (Effelsbergr|ost point-like sources

Medicina, Noto, Onsala-25m and the South-African anterina a

Hartebeesthoek), the DSN 70-m Robledo telescope for partfrhe network comprised the 10 antennas of the VLBA, and

the time, and 9 antennas of the VLBA; the VLBA Fort Davisiye telescopes of the EVN (Effelsberg, Medicina, Onsalar25

antenna could not observe during this experiment. Yebes-40m and either Noto or the South-African antenna et Ha
tebeesthoek).
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Fig. 2 Distribution of the total flux densities at X- and S-band%ig. 3 Distribution of the continuous structure index at X-band
for the 105 sources observed during the pilot imaging expefupper panel) and S-band (lower panel) for the 105 sources ob
ment GCO030. The corresponding mean correlated flux densgigrved during GC030.

distribution determined during ECO025A for the same souises

plotted in black.
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Single baseline GLONASS observations with VLBI: data
processing and first results

V. Tornatore, R. Haas, D. Duev, S. Pogrebenko, S. Casey, G. Molera Calvés, A. Keimpema

Abstract The VLBI technique, in geodetic mode, was used ttite data was performed testing near field delay model aeeer
observe signals emitted by three GLONASS (GLObal NAvigaaearness; obtained results are described.

tion Satellite System) satellites. The baseline obsersingilta-

neously satellites had at its ends the Medicina (32 m) and On- )

sala85 (25 m) radio telescopes, both equipped with L-band r& Introduction

ceivers. Several preparatory tests were necessary fomolga
good data that could be processed.

In this paper we report on the observations performed on stug
16, 2010 data processing and results of the experiment. athe
ural radio source 3c286 was observed also as a calibratorebef
and after satellite observing sessions. A narrow band appro
using software primarily developed for astronomical andcsp
applications, was applied to extract the narrow band qarrie
Differential frequency on the baseline Medicina-Onsala @lgao
evaluated to compute differential phase which was thentadop

to Ideterr;meje:)telllée coorldl?ate correcu?ns W'éh retigeﬁgtlj:b for each data series but also between the different techsicu
values. broad-band correlation was periormed on the " essential to obtain a reference frame of highest accuracy.

data using the DIiFX software. The SFXC correlation of sateEresently the combination of different geodetic space -tech

niques is based on local-ties at co-located stations. Lipesl
are derived from local terrestrial geodetic surveys cdrdet at

Reference frames of high accuracy are the basis for the anal-
sis and interpretation of geodetic parameters and thair te
oral behaviour. Modern reference frames are generated by

IERS (International Earth Rotation and Reference System Se

vice) which combines solutions of the space geodetic tech-

nigues VLBI, SLR/LLR (Satellite Laser Ranging/Lunar Laser

Ranging), GNSS (Global Navigation Satellite Systems) and

DORIS (Doppler Orbitography and Radiopositioning Intégda

by Satellite). The consistency in time of the analysis styis

Vincenza Tornatore _ o these stations. Some discrepancies between the localetiesd
Politecnico di Milano, DIIAR, Piazza Leonardo da Vinci 3Z; | from terrestrial surveys and coordinate differences éerfvom
20133 Milan, ltaly space-geodetic observations have been found in seved stu
Rudiger Haas ies, however the reason for the discrepancies is often ear cl

Chalmers University of Technology, Department of Earth angijgel and Angermann, 2005).

Space Sciences, Onsala Space Observatory, SE-439 92 OnsalaThg racking of GNSS satellites by VLBI sites permits the
Sweden connection of both observing techniques at the satellitel le
Dmitry Duev ) _ (satellite co-location) and not at the station level. Irsthase
Joint Institute for VLBI in Europe, Oude Hoogeveensedijk 4y jink depends neither on the local ties nor on the unciesi

NL-7991 PD Dwingeloo, The Netherlands, and Lomonosoyt he GNSS reference point of the ground station antenrtes. T
Moscow State University, GSP-1, Leninskie gory, RU-119234,nnection at the satellite level is a promising alterreativ the

Moscow, Russian Federation connection at the stations. The independently estimasaibst
Sergei Pogrebenko . coordinates at co-located sites could also allow a vabdatif
Joint Institute for VLBI in Europe, Oude Hoogeveensedijk 4ya |ocal ties (Thaller et al., 2011).

NL-7991 PD Dwingeloo, The Netherlands With this work we want to verify if from a technical point ofexiv
Simon Casey the estimate of a GNSS satellite coordinates (in this caparin
Onsala Space Observatory, SE-439 92 Onsala, Sweden ticular we observe GLONASS satellites) can be obtainedgusin
Guifre Molera Calvés _ _ _the VLBI technique. Observing GNSS signals, using the same
Aalto University Metsahovi Radio Observatory, Finlandyptics as the VLBI signals (including gravitational andrthel
Metsahovintie 114, FI-02540 Kylmala, Finland deformations), the combination of the kinematic VLBI refece
Aard Keimpema frame of natural celestial radio sources and the dynamibis &

Joint Institute for VLBI in Europe, Oude Hoogeveensedijk 4yeference frames of satellite orbits is aided. The GNSdlisate
NL-7991 PD Dwingeloo, The Netherlands
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Satellitd| Observation Interval [UTEmitted frequency [MHz]

PR11 11:59:50-12:14:50 1602.00
PR21 12:44:50-12:59:50 1604.25 Al
PR13 13:29:50-13:44:50 1600.87

Table 1 Satellite observation setup o |

8 10 12 4 16
VideoBand frequency w10’

positions could be expressed with respect to the backgroatid
ural radio sources. Furthermore, the connection of the VIISF
to the Earth’s gravity field could be improved.

In Section 2 the observations of the GLONASS satellites i
VLBI geodetic mode are described, in Section 3 data procgssi
of GLONASS and calibrator data are recalled both for narrow-
band and broad-band correlation, finally in Section 4 commercalibrator 3c386 2 IFs were at 1592.88 MHz and 2 at 1610 MHz
on present results and further developments are presented. both RHPC and LHCP.

Fig. 1 Power spectrum for interval 2 (PR11) observed at Onsala
Wdio telescope

2 VLBI GLONASS experiment description

3 Data processing of VLBl GLONASS
The VLBI observations were carried out on August 16, 2010 gpservations
on the baseline Onsala-Medicina and three GLONASS satllit
were tracked one by one. During the experiment the radiccsour
3c286 was observed as a calibrator for 5 minutes at the begfreveral studies and data processing have been performée on t
ning and at the end of the whole satellite session. The GLCBIASIata recorded during the August 16, 2010 experiment.
satellites observed in turn, for 15 minutes each, were PRR21
and PR13. They were selected, according to the planningh@mq .
those simultangously visible at both stat?ons anz very \g]egHL 3.1 Narrow-band correlation
tributed in the sky at each station. Then, during the obsierva
interval, they had nor a very low elevation, which is good tehe initial detection of the satellite carrier signal ancbsu
decrease a bit the troposphere effect, nor a very high @evatharmonics relative to the carrier was performed using tga-hi
which might have given antenna pointing problems. In order tesoution software spectrometer, SWSpec (Wagner and Mol-
track the satellites the 15 minutes observation interval 8&U-  era Calvés, 2007) and spacecraft tracking software, S®ara
ally made up of 45 scans of 20 seconds each, where for ab@igagner et al., 2010) developed at Metsahovi Radio Obtemya
half of these 20 seconds both the telescopes were pointthg at i collaboration with JIVE in the framework of the Planetég-
location. Such re-pointing of the radio telescopes prodilc¢he The first iteration of SWspec on data of the second inter-
data residuals some glitches with a period of about 20 secongy| (satellite PR11) observed with the Onsala radio tejgsds
They could be avoided if a continuous tracking softwared®a  shown in (Fig. (1)). The GLONASS signal is seen in the cen-
installed in the Field System. Frequencies emitted by eatsft-s tra) |obe at 8 MHz. The narrow peaks spaced 1 MHz are caused
lite and the interval of observation can be found in Table (1) py the Phase Calibrator signal from the receiver. We notige h
During all the experiment 4 IFs were simultaneously recdyde|eve| of power in the main and side lobes. For GLONASS satel-
there are 2 which were always tuned to 1610 MHz, 1 of thegge PR11 autocorrelation spectrum analysis we usegx10°
recorded RHCP (Right Hand Circular Polarization), the btheyrT (Discrete Fourier Transform) points, 1-second intégra
LHCP (Left Hand Circular Polarization). The other 2 IFs, @i time and Cosine-squared windowing, for a spectral resmiusf
again recorded RHCP and LHCP, were set to one of the 23 Hz over the 16 MHz bandwidth.
frequencies corresponding to the satellite being obseraed The SCtracker filters the satellite signal down to 8 kHz nar-
therefore changed during the experiment. A bandwidth of 18 pandwidth with spectral resolution of 4 Hz. The frequenc
MHz was observed in a way that eachone of the emitted frgatection noise is at a level of several mHz in 1 second. Restil
quencies was in the center of the bandwidth. Each RHCP hagh narrow-band signal processing were then analysed &t JIV
16 MHz, as did each LHCP, therefore a combined total of 32  after the PLL (Phase-Locked-Loop), the GLONASS signal
MHz per observed frequency, or 64 MHz total recorded bang filtered out to a narrow band around the carrier line of 8@0 H
RHCP and LHCP channels was applied in order to avoid satukgact the residual phase of the carrier tone. The phase &tichs
tion of the receiving systems by the strong satellite signal - detected at each stations allow us to study the phase katiotil
The calibrator 3c386 was observed at the starting of thdliate 50 the propagation path. We can see the results of asalysi
session for 5 minutes beginning 11:40:00 UT and for 5 minutfe GLONASS data for the 4th interval (satellite PR13) aixteli
at the end of the satellite session beginning at 14:00 UTth&r 4t Onsala radio telescope in the Fig. (2). The satellitegldth
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Fig. 2 Phase scintillation spectrum, as of GLONASS PR13 obF-'g' .4 Differential frequency of the_G_LONASS PR21 satellite
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Fig. 3 Phase fluctuations for the three: GLONASS satellite 07— L — . - )
PR11, PR21, PR13 observed at Medicina (top) and Onsala (b th
tom).

Fig. 5 Corrections to the ITRF position of the satellite PR21 on
the baseline Onsala-Medicina.

a 20 Hz sampling phase lock was extracted. The y-axis is the
power spectra density of the phase scintillations and taeisis
frequency of the phase scintillations in Hz. The phase #eint
tion is dominated by three components: ionosphere scitiths,
GLONASS LO phase noise and receiving telescope phase noise.
The phase from the 3 satellites (PR11, PR21, PR13) ob
served with the Medicina and Onsala antennas on the Augu
16, 2010 was extracted. The H-maser clock at the antennas was
used as reference. For convenience (+1) radian phase has bee
added to the Medicina data and (-1) radian to Onsala data. Tgez Broad-band correlation
detection of the phase was successful for 5 observatiorvaite
out of 6. Each one elapsed 900 seconds (15 minutes). Phase fluc
tuations for the three satellites are shown in the Fig. (3) Data of August 16, 2010 experiment was processed also apply-
The topocentric detections of the frequency/phase fimg broad-band correlation. The signals of the referencecso
Medicina and Onsala stations were reduced to the comm8n286 were correlated using the DiFX software (Deller et al.
phase centre, namely the geocentre. For this reductiorpréie 2007) in order to determine clock offsets and clock offset
calculated geocentric VLBI delays of the satellite sign&rev rates between the stations. Cross-correlation fringe esidl+
used. Geometric part of the delay for GLONASS satellitegal phase of the fringe were calculated for the calibrater ra
is computed using the Sekido-Fukushima model (Sekido adéb source 3c286, as detected during our experiment on the
Fukushima, 2006) for a near-field radio source. Contrilngitm  baseline Onsala-Medicina. Clock offset calibration aacymwas
the delay due to troposphere, ionosphere (using IGS TEC)map a level of 0.2ns, clock rate offset determination acourac
and clock offsets/rates at the stations were taken intolst@s was better than 0.05 ps/s, phase noise at a level of 0.2 ra-
well (Duev et al., in press). On the baseline Onsala-Meditie  dians at 1s sampling (Tornatore et al., 2011). Also the soft-
differential frequency of PR21 GLONASS carrier was then calware SFXC (http://www.jive.nl/correlator/status.htmlas used
culated. It shows a linear trend that is very close to zemg.(®@)). to find fringes for both calibrator 3c286 (Fig. (6) top) and
Such differential frequency was used to compute the diittme GLONASS satellite PR21 (Fig. (6) bottom). On the baseline
phase, which was in turn adopted as a residual for the lea§insala-Medicina, channel 1, 16 MHz bandwidth, RCP, 16K lags

squares estimation of corrections to the ITRF position @f th
satellite (Fig. (5)). The corrections obtained are of thieorof

Correlanon between the corrections to different coorttiaa
5. also present due to the fact that the observations were con
ted only on one baseline.
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' : ‘ : ! ' ' : present in the data or in the near field model. Together witBNVL
3C286 : - N
geodetic observation mode also a phase referencing oliserva
mode, could be attempted, even if in this case high satetite
locity could represent an obstacle to find radio source catlins
near to the satellite route.

Fringe amplitude, relative units
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| PR21 ; This work is based on observations with the Medicina rade te
scope, operated by INAF-Istituto di Radioastronomiayjtahd
the Onsala85 radio telescope, operated by the Swedishridatio
Facility for Radio Astronomy.
The authors are thankful for personnel at the VLBI statiohs o
Medicina and Onsala, for supporting the experiments. Theoau
s s \ " . s s s V. Tornatore wish to thank MIUR (Ministry of Education of Uni
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) ) EVGA Meeting and 12th Analysis Workshop in the framework
Fig. 6 Fringes for both calibrator 3c286 (top) and GLONASSyf the PRIN (Project of considerable National Interest, 9aD
satellite PR21 (bottom) on the baseline Onsala-Medicina.  pyovo di sistema di riferimento geodetico italiano: morégygio
continuo e applicazioni alla gestione e al controllo defierio,
national coordinator prof. F. Sanso.
with a priori clock offsets, averaged, vector 2s, then scalar over
the full scan length. The software was run with 8000 FFT ®int
otherwise we would miss the fringes. References
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offset of 2.5 ms and clock rate offset of -1.78 ps/s, vecter an T, peller, M. Tingay,M. Bailes, C. West. DiFX: A Software
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results, a bias of several nanoseconds_was fqund in the resid Schwegmann W (ed$)roceedings of the IERS workshop on
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The Celestial Reference Frame at X/Ka-band (8.4/32 GHz)

C. S. Jacobs, J. E. Clark, L. J. Skjerve, O. J. Sovers, C. Garcia-Miro, S. Horiuchi

Abstract We have constructed an X/Ka-band (8.4/32 GHz) ceS-band (2.3 GHz) and X-band (8.4 GHz). While this work has
lestial reference frame using fifty-two 24-hour sessiorthie been tremendously successful in producing @8 level global
Deep Space Network. We detected 455 sources covering the fagtrometry (e.g., Ma et al., 2009) and sub-cm geodesy, @gvel
24 hours of right ascension and declinations down-#b deg. ments made over the last decade have made it possible to con-
Comparison of 404 X/Ka sources in common with the S/X-bansider the merits of moving to a new set of frequencies. In this
(2.3/8.4 GHz) ICRF2 shows wRMS agreement of 213 micrgpaper we present global astrometric results from X/Ka 824/
arcsec ftas) ina cosd and 282uas ind. There is evidence for GHz) observations.
systematic errors at the 1QG@s level. Known errors include lim- Advantages Moving the observing frequencies up by ap-
ited SNR, lack of phase calibration, troposphere mismodgll proximately a factor of four has several advantages. ForA&\S
and limited southern geometry. Compared to X-band, Ka-baftkep Space Network, the driver is the potential for highea da
allows access to more compact source morphology and reducatks for telemetry signals from deep space probes. Othanad
core shift. Existing X/Ka data and simulated Gaia data mteali tages include 1) the spatial distribution of flux becomesifig
frame tie precision of 10-1fas (1o, per 3-D rotation compo- cantly more compact (Charlot et al, 2010) lending hope that t
nent) with anticipated improvements reducing that to 5488 positions will be more stable over time, 2) Radio Frequemey |
per component. terference (RFI) at S-band would be avoided, 3) lonosphede a
solar plasma effects on group delay are reduced by a factor of
15!
Keywords reference systems, celestial frame, ICRF, frame tie, DisadvantageswWhile these are very significant advantages,
Gaia, catalogs, astrometry, interferometry, VLBI, radion¢ they do not come without a price. The change from 2.3 /8.4 GHz
tinuum, X/Ka-band, Ka-band, galaxies: active galacticleiuc to 8.4 / 32 GHz moves one closer to the water line at 22 GHz
quasars, blazars and thus increases the system temperature from a few Kelvins
per atmospheric thickness up to 10-15 Kelvins per atmospher
. or more. Thus one becomes much more sensitive to weather.
1 Introduction Furthermore, the sources themselves are in general weadler a
many sources are resolved. Also, with the observing wagéhsn

For over three decades now, radio frequency work in global a3'0rtened by a factor of 4, the coherence times are shorsmed

trometry, geodesy, and deep space navigation has been tonf'@ Practical integration times are a few minutes or lesgerén
relatively dry climates. The shorter wavelengths also jnpéat

the antenna pointing accuracy requirements must be tigtiten

C.S. Jacobs, J.E. Clark, L.J. Skjerve, and O.J. Sovers by the same factor of 4. The combined effect of these disadvan

Jet Propulsion Laboratory, California Institute of Teclugy, —tages is to lower the system sensitivity. Fortunately, adea in

4800 Oak Grove Dr., Pasadena CA 91109. recent years in recording technology make it feasible afwrdxf
able to offset these losses in sensitivity by recording nioite

C.Garcia-Miro Thus while most of the X/Ka data presented in this paper used

Ingenieria y Servicios Aeroespaciales, the same overall 112 Mbps bit rate as previous S/X work, re-

Instituto Nacional de Técnica Aeroespacial/NASA cent data were taken at 448 Mbps with an increase to 2048 Mbps

Madrid Deep Space Communication Complex, hoped for within the next year or two.

Paseo del Pintor Rosales, 34 bajo, E-28008 Madrid, Spain This paper is organized as follows: We will describe the ob-
servations, modelling, and present the results. Next, VleegA

S. Horiuchi timate the accuracy by comparing to the S/X-based ICRF2 (Ma

C.S.I.LR.O. Astronomy and Space Science/NASA, et al., 2009) including a look at zonal errors. This will berco

PO Box 1035, AU Tuggeranong ACT 2901, Australia plemented by a discussion of the error budget and the patenti

for improving the geometry of our network by adding a souther
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xka
Distribution of 455 Sources

Declination (deg)

Right Ascension (hours)

Fig. 1 Distribution of 455 X/Ka-band sources detected to date. [Rymindicate 1 formal declination uncertainties as defined
in the legend at lower right.of, 6) = (0,0) is at the center. The ecliptic plane is indicated by the siftlad curve. The galactic
plane is indicated by th€-shaped curve. Note the trend for decreasing declinatienigion moving southward. Local galactic
neighborhood indicated by A, C, S, L: Andromeda, CentaduSmall & Large Magellanic clouds (none observed at X/Ka).

station. Lastly, we will discuss the potential for linkirgetx/Ka 3 Modelling
radio frame and the Gaia optical frame.

The above described set of observations were then modedted u
2 The VLBI Observations ing the MODEST software (Sovers et al., 1998). A priori Earth
orientation was fixed to the MHB nutation model (Mathews et
al., 2002) and the empirically determined UT1-UTC and Polar
The results presented here are from fifty-two Very Long Bas@4otion of the Space 2008 series (Ratcliff et al., 2010). Téles:
line Interferometry (VLBI) observing sessions €24 hour du- tial frame was aligned to the ICRF2 defining sources (Ma et al.
ration done from July 2005 until September 2010 using NASAS009) using a no-net-rotation constraint (Jacobs et apR®ta-
Deep Space Stations (DSS) 25 or DSS 26 in Goldstone, Calon velocities were estimated; station locations werarested
fornia to either DSS 34 in Tidbinbilla, Australia or DSS 54 omwith a 1 cm constraint per component to a decades-long S/X-
DSS 55 outside Madrid, Spain to form interferometric bamsi band VLBI solution.
of 10,500 and 8,400 km length, respectively. We recorded VLB
data simultaneously at X-band (8.4 GHz) and Ka-band (32 GHz)
Initially, sampling of each band was at 56 Mbps while morét Results
recent passes used 160/288 Mbps at X/Ka. Each band used a
spanned bandwidth 6£360 MHz. The data were filtered, sam-

pled, and recorded to the Mark4 or MarkSA VLBI SyStemSfhe full 24 hours of RA and Declinations down te45 deg. In

The data were then correlated with the JPL Blockll correzlatci:i (1) these sources are plotted using Hammer's (1892lequ
(O’Connor, 1987) or the JPL SOFTC software correlator (Lowe 9. L p. : 9 . q
. L . . - area projection to show their locations on the sky.=R@is at

2005). Fringe fitting was done with the FIT fringe fitting soft - . . .
the center. The ecliptic plane is shown by the sinusoidapst
ware (Lowe, 1992). The measurements covered the full 24Sho%rurve and the Galactic plane is indicated b haped curve
of right ascension and declinations down-td5 deg. Individual P Y p ’

observations were about 1 to 2 minutes in duration. The source symbols indicate theoﬁormal_ decllna_ltlon ’uncer-
tainties with the value ranges indicated in the figure’s tebe

In all, we detected 455 extragalactic radio sources whivleal
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Note that the declination precision drops as one moves tbwa3 Southern Geometry Simulation

the south. This is a result of having significantly less datahe

California to Australia baseline _comblned Wlth t_he needlte o Besides the three classes of measurement errors desdo a
serve sources closer to the horizon as declination moveah,sou Cioibvese

; . - our reference frame suffers from a very limited geometry—we
thus incurring greater error from higher system tempeestand . .
29 . have only one station in the southern hemisphere. In ordegtto
tropospheric mis-modelling.

ter understand this limitation, we simulated the effectddiag

a second southern station (Bourda et al., 2010). Data from 50

5 Accuracy: X/Ka vs. S/X comparisons real X/Ka sessions were augmented by simulated data for 1000
group delays each with SNR 50 on a~9000 km baseline: Aus-
tralia to S. America or S. Africa. The resulting solutionexted

Experience shows that formal uncertainties tend to untlarate  Declination coverage to the south polar cap regied5 to —90

true errors. An independent estimate of position errorseas deg. Precision in the south cap region wa00 pas (1 nrad)

tained by comparing our X/Ka-band positions to the S/X-Haseand in the mid south precision was 200-1Q0#5, all with just a

ICRF2. For 404 common sources, the weighted RMS (WRM$¢w days observing. We conclude that adding a second souther

differences are 21fas ina cosd and 282uas ind. station would greatly aid our X/Ka frame’s accuracy. In fabe

resulting four station network should compete well in asied-

ric accuracy with the historical S/X network and its ICRF2.
6 Zonal Errors

Section 5 gave a measure of overall coordinate agreement. a,ePotentlaI frame tie to Gaia optical frame

now turn to X/Ka-S/X differences which are systematically cor-
related as a function of position on the sky. The slopes ahd The Gaia mission (2012 launch) is expected to measut@io

o differences vsa andd: jects with 10s ofuas precision including 500,000 quasars of
Aacosd vs.a = 3.5+ 1.7 pas/hr which ~ 2000 are expected to be both optically brigtt< 18)
Ad vs.a = 1.8+ 1.2 pas/hr and radio loud (30—-3068 mJy).
Aacosd vs.d =0.4+0.5 pas/deg We have 336 sources with optical counterparts (Veron-Cetty
Ad vs.0 =1.1+0.9 pas/deg & Veron,, 2010) with visual (500-600 nm) magnitude, V, btigh

The most significant slope Ba cosd vs. a at 2.10. Note that  enough to be detected by Gala £ 20 mag). Of these, 130 are
the use of full correlations had a significant effect on theede bright by Gaia standard¥ (< 18).
mination of these slopes. Fig. (2) shows in detail the datiim

differences vs. declination in the sense (X/K&/X).
Description | Magnitude rangd| Number| Percent

Bright 0<V <18 130 | 29%
7 Discussion of Error Budget Detectable | 18 <V < 20 206 | 45%
Undetectable| 20 < V 51 11%
Unmeasured | V unknown 68 | 15%

Having assessed the size of errors in our positions usinutich

larger ICRF2 S/X data set as a standard of accuracy, we nd@ble 1 Optical magnitude categories of X/Ka sources

discuss the major contributions to the errors in the X/Ka-mea

surements: SNR, instrumentation, and troposphere. Thd te

the weighted RMS group delay vs. the Ka-band SNR shows that Using existing X/Ka-band position uncertainties and simu-
for SNR < 15 dB, the thermal error dominates the error budated Gaia uncertainties (corrected for ecliptic latituldet not
get. For higher SNRs, troposphere and instrumentatiorrserrdor V —I color), we did a covariance study which predicts that the
become more important. Binning of WRMS delay vs. airmas3-D rotation between the X/Ka frame and the Gaia frame could
thickness shows that troposphere is not the dominant etrer doe estimated with a precision of 10—1f&s per rotation angle
to the generally low SNRs just mentioned. However, the phage-og). The result is dominated by X/Ka uncertainties which have
rates (which carry much less weight in the fit) are dominated tpotential for a factor of two or more improvement by the time
errors from tropospheric mismodelling, thus hinting thrapb-  of the final Gaia catalog in 2021. Thus a frame tie precision of
sphere will become more important as our SNR improves wii-10uas may be possible.

increased data rates. Lastly, we have errors from un-eaditr

instrumentation. A proto-type phase calibrator was deyesdan

order to calibrate the signal path from the feed to the sample Angle || Formal Uncertainty
(Hamell et al., 2003). Test data indicate an approximataly-d R« +16 pas
nal instrumental effect with-180 psec (5.4cm) RMS. Although Ry +13 pas
the data themselves can be used to estimate instrumenaahpar R, +11pas

eters which partially characterize this effect, operatlgshase Taple 2 Estimated precision of X/Ka to Gaia frame tie
calibrators are being built in order to make direct reliatddi-

brations of the instrumentation .
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The first VLBI detection of the secular aberration drift

O. Titov, S. B. Lambert

Abstract We present the first detection of the Galactic aberratiod Secular aberration drift
in 8-GHz astrometric observations of extragalactic radiaorees
by geodetic VLBI. We analyzed the full geodetic VLBI obser-

vational data base to derive source proper motion and we 1‘itt'§‘n extensive description of the analysis configuration waerg

dipolar and quadrupolar vector spherical harmonics caeffis In Titov et al. (201.1)' The_maln points were thaF (1) we proweh
to the velocity field. Our results are in good agreement viietot about 5,000 sessions in independent mode with the Solve pack

retical prediction and constitute the first observationhig very age, (i) all cIa_§5|caI geodetic _and nuisance parameFere e
tiny effect. timated, and (iii) source coordinates were loosely coimgtthby

a no-net rotation with respect to the ICRF2 (Ma et al. 2008g T
latter point appeared to be the key of the problem. In VLBIllana
ysis softwares, the user can strengthen or loose the conétea,
weighting the constraint equations) by specifying .dn classi-

cal solutions, one usually takesaaequivalent to allowing the
sources to stay within circles of a few milliarc seconds atbu
the a priori position. We increased the circle radius to alaou
arc second. Indeed, the effect of the secular aberratidhadri
the celestial reference frame is to slowly deformating tresaA
The Solar system rotates around the center of the Milky W4@o tight constraint would obviously impeach the axes todef

in about 250 million years at a distance of about 8.4 kpc Re@nd the dipole would simply be destroyed! Also, we removed
et al. (2009). This motion should result in an aberratiorit dri39 sources showing significant non linear positional Vet

of distance bodies as seen from the Earth of ab#R ~ 5.4 due to large-scale variations in their structure (inclgddC 84,
microseconds of arc per yeauds/yr) (e.g., Kovalevsky, 2003). 3C 273B, 3C 279, 3C 345, 3C 454.3, and 4C 39.25) from the
In the extragalactic source proper motion field, such anceffeconstraint.

should appear as a tiny dipolar pattern pointing towards the This analysis provided us with source coordinate time serie
Galactic centerd = 266, 5 = —2%). Although predicted, the It is worth noting that this analysis strategy to obtain ctieate
dipole was never observed. Gwinn et al. (1997) studied extrdme series is very different from the analysis configuratised
galactic source proper motions obtained from analysis of 18 many other works related to, e.g., source selection falet
years of VLBI observations but no significant dipole was fbun frame definition (see, e.g., (see, e.g., Lambert and Go20&9;
MacMillan (2005) investigated another six years of dataitt Ma et al., 2009). Compared to the cited works, our strategy is
success. Titov and Malkin (2009) found a dipole but with vgronessentially characterized by a much looser constraint esults
direction and magnitude compared to the prediction. |anit0in much noisier series. The rms of our coordinate time sésies
Lambert and Gontier (2011), we report on the first detection igher than those of Lambert and Gontier (2009) by typically
the dipole in source proper motions. Hereafter, we presemes factor of 5.

key points of this study. Then, we used weighted least-squares to fit source proper
motions to coordinate time series after a clean-up to rerfzoge
outliers. We kept time series of 555 sources with a suffityent
large observational history after 1990. At this stage ofvtloek,

- it is interesting to look at the distribution of proper matsover-
Oleg Titov _ sus the right ascension for the 40 most observed sources: a sy
Geoscience Australia, PO Box 378, Canberra, 2601, Amtra{bmaﬂc clearly shows up (Fig. (1)).

g(la)basnen_Lan:jbert . , Svste d ot Finally, we applied weighted least-squares again to fit-dipo
servatoire de Paris, Departement Systemes de Retere, .. quadrupolar vector spherical harmonics coeffisient

Temp; Espa_ce (SYRTE)’,CNRS UMR 8630, Universite Pie”t% the velocity field. The dipole components are reported in
et Marie Curie, 75014 Paris, France

Keywords Galaxy, Secular aberration

1 Introduction

171



172

Titov and Lambert

40

90

5 maslyr

1
11 1

w
o
T

W _ cos O (paslyr)
o
]

a
|
s
)
—e—
—e—
e
.
Declination (°)
=)
AN
v/

~40 L . . I I _ L . . I L
(0 60 120 180 240 300 360 90, 60 120 180 240 300 360
Right Ascension (°) Right Ascension (°)

Fig. 1 Distribution of velocities of the 40 most observed source 0

in right ascension: a pattern is already visible. 5 pas/yr

601
Figs. (2)—(3). It is of amplitude.B+ 2.0 pas/cy for the 40 most
observed sources, andd6- 1.5 pas/cy for the 555 sources, and
it points towards ¢ = 241+ 12°, 0 = —28+12°) and @ =
263+ 11°, & = —204+ 12°), respectively. Within error bars, the
dipole direction contains the Galactic center.

A number of tests were done to check that we really obserwv
the Galactic aberration. We analyzed various sets of ramicce \
proper motions by selecting sources of structure indicesio -
than 2.5 (most compact sources) and ICRF2 defining sourc
(i-e., sources of high positional stability and low struetindex). —90, 50 120 180 >40 300 360
No significant departure to previous values was noticed. Right Ascension (%)

As mentioned in the previous section, the NNR constraint is . . .

a fundamental point in our work. We made solutions with H’gth'g' 2 Velocities and d|_po|_e pat_tern obtained from the 49 most
ened constrained and found that the dipole moved off thecGaIa?bserved Sources. Solid line with dot shows the Galactioepla
tic center, towards a point situated around the same rigietnas and the Galactic centre.

sion but in the Northern hemisphere. The reason of this syste

atics was not understood but should be investigated in tiegfu .

It probably raises a consequence of the network dissymmetry4 Concluding remarks

g
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: 2 ‘
AN

I
w
o
_

This study showed that VLBI has now accumulated accurate
enough data to detect the Galactocentric accelerationghrits
effect on distant radio source positions. It turns out thahe fu-
ture, VLBI realizations of the celestial reference systémoutd

The quadrupole harmonics may come from an anisotropy of tfgrrect source coordinates for this effect, possibly byisliog

expansion of the Universe (or equivalently of the Hubble-consoutl(_:;]3 pES't'OnS’ toget_herl with a corrective _forméjla_t. heduled
stantHo) or primordial, low frequency gravitational waves. In 20162 UJODE""S ODS;Ca a:jstrome_try ?'SS'O” ala, scfehue
the latter assumption, the amplitude of the quadrupole cemp °" » Should be able lo determine the components of the ac

; . - " o .
nent is linked to the limit energy density of gravitationahwes celeration vector_ W't.h a relative precision O.f 10%. To IMEo
(see, e.g., Gwinn et al., 1997). These gravitational wazse h the VLBI determination of the Galactocentric acceleratom

periods longer than the observational time span-8D years to confirm the significance of t_he qu.adrupole systematicsemo
(corresponding to frequencies less tharr9.6iz). Their wave- proper motions of extragalactic radio sources need to be mea

length can even be comparable to the size of the Universsé‘!recj over the next_decade. Co_ncentrating on sources shawin
From the analysis of the 555 source proper motions, we founcp"%h positional s;ab|flf|ty andfh_avn_ng a low _structure 'Qdm
marginally statistically significant quadrupole companaiam- reduce unwanted effects of Intrinsic motion caused by the re

plitude 64+ 3.6 juas/yr (see Fig. (4)). The resulting higher limit2UVistic jets and other modification of the source struetun
of the gravitational wave energy density 004202 where addition, it is necessary to run a dedicated program to measu
h = Ho/100 km/s the redshift of the reference radio sources using largealfa-

3 Quadrupolar pattern and cosmology
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cilities, especially in the southern hemisphere (see tipemphy

Titov et al. in this volume).
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Optical spectra of southern flat-spectrum IVS radio sources

O. Titov, D. Jauncey, H. Johnston, R. Hunstead, L. Christensen

Abstract About 1200 radio quasars are observed regularly ksic structure in the radio sources (MacMillan and Ma, 208p}.
the International VLBI Service, IVS, to define and maintdie t parent motions for some radio sources have been found th reac
International Celestial Reference Frame, ICRF. We have preeveral hundregias/year (Feissel-Vernier, 2003) due to the well-
sented evidence for large scale systematic proper motigmile  known ejections of internal jets, rather than “real” propeo-
and quadrupole effects, at a level in excess ofid8/year. This tion. If we assume that jet orientation is random to our lifie o
result presents a serious challenge to the standard cogie®lo sight, then all the apparent motions should also be random. F
However, we are concerned that our estimates of the spheriedarge sample of quasars their positional variations grecrd
harmonics may be influenced by the paucity of IVS quasars with be uncorrelated over the sky, and therefore not produge an
known redshifts in the south. We estimate that 100-150 ndw resystematic patterns. However, systematic effects in tharap
shifts uniformly distributed in the south will remove thesen- ent motions of radio sources have been predicted thedigtica
cerns. In this paper we present the results of spectrosadpic The galactocentric acceleration of the Solar system batgee
servations of 47 southern IVS radio sources with the 3.58me should cause a first order vector spherical harmonic of magni
NTT telescope. tude 5uasl/year. This dipole effect has now been confirmed to
be 64+ 1.5 paslyear (Titov, Lambert and Gontier, 2011). This
estimate well matches to the theoretical prediction, amdicos
Keywords radio sources, red shift, optical spectra, emissiothat the measured proper motions are realistic.
lines Primordial gravitational waves (GW) in the early Universe
may produce second order vector spherical harmonics of elec
tric and magnetic types (Gwinn et al., 1997). Generalized ex
pression for the proper motion in the frame of general relati
1 Introduction ity has been published by Kristian and Sachs (1966) who found
that in an expanding Universe the apparent proper motiorsef d
o ) tant objects may increase with distance. This means thadeny
From 1998 through 2009 the initial International CelesRal- pendence of the quadrupole systematic amplitude on regihif
erence Frame (ICRF1) was based on a catalogue of 608 raflignq could be used as an independent astrometric teseof th
VLBI source positions. Of those, 212 were so-called ‘defihin Acpm model. If the estimated magnitude of the quadrupole
sources that were used to establish the orientation of tRSIC,creases systematically with redshift, it will serve adiiect
axes (Ma etal., 1998). The Second ICRF catalogue (ICRF2) Wasnfirmation of the GW hypothesis. Titov, Lambert and Gon-
adopted in 2009. It comprises 295 ‘defining’ radio sourceth Wi ier (2011) found a limit on the GW power density of as much as
an accuracy of about 4pas (Fey, Gordon and Jacobs, 2009)QGW = 0.0042+0.0004h~2, whereh = Ho /(100 kmy/s/Mpc) is
The main uncertainty in the reference frame is caused biyintr o normalized Hubble constant. The quadrupole increases s
tematically with redshift but the observed magnitude is stat

Oleg Titov tistically significant.

Geoscience Australia, PO Box 378, Canberra, 2601, Auatrali From a theoretical point of view, if the observed radio
David Jauncey sources are distributed evenly around the sky, the parasnete
CSIRO Astronomy and Space Science, ATNF & Mount Stromlithe vector spherical harmonics will be separated propkidyv-
Observatory, Cotter Road, Weston, ACT 2611, Australia ever, the real distribution of the reference quasars iseméebhis
Helen Johnston and Richard Hunstead leads to a correlation between the estimated parameterasad
Sydney Institute for Astronomy, School of Physics, Uniitgrs result, potentially biases the estimates (Titov and MalRB09).

of Sydney, NSW 2006, Australia Individual apparent motion of radio sources, induced byehe
Lise Christensen fect of intrinsic structure, would exaggerate this problértihe

Technische Universitat Munich, Excellence Cluster Ursee number of quasars were not sufficient.
Boltzmannstr. 2, D-85748 Garching
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The total number of the radio sources included in the IVS
astrometric program exceeds 4,000, though onlyl,000 ra-
dio sources are observed on a regular basis. By July 2010 the
database of the radio source physical characteristice(ihd
Malkin, 2009) comprised 4261 objects, mostly quasars,Hmret
is a serious deficit in the southern hemisphere of candidate
sources for which VLBI observations have been made, as well
as a significant lack of optical identifications for the exigt
candidate radio sources. By July 2010, of the 2211 objedts wi
measured redshifts only 781 are in the southern hemisphere a
only 129 with declination south of40°. Lack of redshifts in
the south can cause difficulties in analysis of the appanemtgp
motions of the reference radio sources.

2 Observation and data analysis

Spectroscopic observations were performed in 2010 August i
Visitor Mode at the NTT using the ESO Faint Object Spectro-
graph and Camera (EFOSC) system with grism #13 covering the
wavelength range 3685-9345We selected radio sources with
missing redshifts in a range of magnitudes. The finding shart
were prepared using the Aladin system and the SuperCosmos
Sky Survey (SSS). The seeing during observations was tjjpica
0/8-1"5 although occasionally as high d& Zhe spectral reso-
lution was 2. After setting up on each object we observed for
an initial 15 minutes with further integrations if no obvemis-
sion line was seen on the first exposure; individual specé@ew
later combined. Wavelength calibration was performedgitie
spectrum of a He/Ne/Ar lamp.

Fig 1 shows typical spectra of quasars with strong emission
lines (IVS B1505-304 and B2354251). The spectrum of IVS
B1505-304 is dominated by a broad ly-line with clear as-
sociated absorption. Lg-emission is also visible closer to the
blue end of the spectra. Its redshift is estimated as3.400,
and the reduced spectrum of is shown in Fig 2. In the spectrum
of IVS B2354-251 (Fig 3) it is easy to recognize the CIV and
C Ill] emission lines (near 42@%and 520@, respectively). The
third line, Mgll, is almost obscured by the sky absorption at
7600A. Its redshift is estimated as= 1.614.

Data reduction was performed with the IRAF software suite

using standard procedures for spectral analysis. Afterovem
9 P P y Fig. 1 Unprocessed spectra of IVS B150804 (left) and

ing the bias and pixel-to-pixel gain variations from eacinie, - ; A
we then removed cosmic rays using median filtering, as imp§?§54_t25;3(;{gh?-tghf Wzi\//elt(_engltlh range 1S frc;Ln 3@8? th?th
mented in the IRAF taslszAp. The separate exposures wer ottom to atthe top. vertical ines across the centre ol the

combined and a single spectrum extracted. The resulting ong'ages r(_epresent pgntlnuum _spe_ctru_m of the objects, agitori
dimensional spectrum was calibrated in wavelength, and thaPOts indicate positions of emission lines.

flux-calibrated using the spectrum of a spectrophotomsten-

dard taken with the same instrumental setup. Because the ob-

serving conditions were not photometric, the resultant dat- 3 Radio-optical identification

bration should be taken as approximate.

Proper identification of extragalactic radio sources caralse
verified by comparison of their coordinates at optical ardiaa
wavelengths. While for the most of the targets the diffeesrare
less than (3, the four targets (IVS B1647296, B1748-253,
B1822-173, B23006-307) have larger radio-optical differences
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0/5-5'. Spectra of these four objects are stellar with a set
known absorption lines, confirming them as Galactic stansed T 5”550‘00‘ ‘
of them lie very close to the Galactic plane; however, thetfou
object known as IVS B2300307 has a Galactic latitude =
—66°. We believe that in this case the radio source is completejyg
obscured by the 16th magnitude foreground star, in spite of&_
difference in position of 3/6 Expected magnitude of the radio2 < f
source is about 20 or greater. Separation of the star anddie r § s E
source counterpart in the optical may be possible undeegterf >
observing conditions (seeing 078). A second attemptto mea- S [ [ o]
sure spectrum of this radio source is highly desirable. 4000 5000 6000 7000 8000 9000
The radio source IVS B1923+210 represents a special C3§§ 5 Spectrum of the radio source IVS B1923+210 and two
for identification. This object (see Fig 4, object 3) has be@wvi-  ose stars
ously observed at the 6-meter telescope in Russia, and ntape
lines were found (Maslennikov et al., 2010). For the curcamb-
paign we observed all three optical objects located nediby t
source of radio emission (coordinates are 19h 25m 59.6s +2
06m 26s for the reference frame J2000) on Fig 4. All three-spe

tra are shown in Fig 5. The spectra of stars 1 and 2 both sh S B1923+210 is known as a source offGvhich appears to

the Call triplet which establish their identity. Object 3hish be referring to star 1 in Fig. 4. The magnitude of the proposed
is coincident with the radio position, shows no stellar apso counterpart to IVS B1923+210 is about™0

tion features although the S/N is poor. There are also no-obvi

T S SO S G B
6000 7000 8000 9000

star 3

us emission lines. The combination of a radio-optical cein
dence and featureless spectrum is sufficient to suggesaghas
robable BL Lac object. It is worth noting that in NED databas
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4 Conclusions L. Fey, David Gordon and Christopher S. Jacobs (eds.), In-
ternational Earth Rotation and Reference Systems Service
(IERS). IERS Technical Note, No. 35, Frankfurt am Main,
Germany: Verlag des Bundesamtes fiir Kartographie und
Geodasie, ISBN 3-89888-918-6, 2009, 294 pp., 2009.

C. Gwinn. et al. Quasar Proper Motions and Low-Frequency

We performed spectroscopic observations of 47 radio seurnce

the Southern Hemisphere and measured 31 new redshifts, with
two sources having > 3. At least two emission lines were con-
fidently identified for each object. Due to successful detect Gravitational WaveshJ, 485:87—91, 1997.

of the emission lines for Fh_e faintest targets we _could atpae J. Kristian, and R. K. Sachs. Observations in Cosmoldigyd
our methodology was efficient. When the redshifts of QSOs are 143:379-399 1966

determined, it is critical to know which lines are used, hsea . .
some high ionisation lines are shifted in velocity relativehe C.Ma.etal. The International Celestial Reference Frame-as
9 Y alized by Very Long Baseline InterferometmJ, 116:516—

systemic redshift. The shifts of high ionisation lines carntypi- 546, 1998.

f:ll)ll\AUp“tZégg% kn;)/ls,twhlle lines fIUChl as [Ct)lllt]h5007,tarr:(cibalsD- S. MacMillan, and C. Ma. Radio Source Instability in VLBI
e Mg oublet are generally closer to the systende re Analysis. JoG, 81:443-453, 2007.

shift, K. Maslennikov, A. Boldycheva, Z. Malkin Z., and O. Titowv.

con;\iltlir:aerec?bf SCtS 02:%|;ea3ttre|§is S(S)zfggj’ ;;d’oége);onvif Measurement of redshifts of selected radio sourdstro-
P ) ' physics 53:147-153, 2010.

IVS B1707-038, previously known as a BL Lac, three emissiorb J. Sovers, J.L. Fanselow and C.S. Jacobs. Astrometry and

lines were identified with confidence £ 1.923). There were . : ) .
cight ICRF2 defining radio sources in this run. Five of them Geodesy with Radio Interferometry: Experiments, Models,
'9 ining radilo sources n tis run. =v Results.Rev. Mod. Phys70:1393-1454, 1998.

(IVS B1659-621, B1758 651, B1815 553, B2236-572 and 0. Titov, and Z. Malkin. Effect of asymmetry of the radio sceir

B2344-514) were confirmed as extragalactic sources. Source . ' . ; . .
. 5 distribution on the apparent proper motion kinematic analy
IVS B1631-810 was confirmed as a BL Lac source with a . .
sis. A&A, 506:1477-1485, 2009.
featureless spectrum. Two other sources, IVS BOMIO and . .
: . O. Titov, S.Lambert and A.-M. Gontier. VLBI measurement of
B1443-162, were scanned in bad weather conditions and no . . .
. N . ) . the secular aberration drifA&A, 529:A91, 2011.
confident emission lines were found in their spectra. A tedai
paper about the program results is under preparation.
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PSRTT. A large VLBA pulsar astrometry program

A. T. Deller

Abstract Obtaining pulsar parallaxes via relative astrometrgf 4.5 error in the distance for PSR J0630-2834; Deller et al.
(also known as differential astrometry) yields distances a 2009), and systematic biases are likely (Lorimer et al. 6200
transverse velocities that can be used to probe propeftite o Thus, independent distance measures to pulsars are vital,
pulsar population and the interstellar medium. Large @ogr both to enable the confident estimation of distance—depegnde
are essential to obtain the sample sizes necessary forpgbpse parameters for individual pulsars and to refine DM-based dis
ulation studies, but they must be efficiently conducted wichv tance models for the remainder of the pulsar population.|&/hi
requiring an infeasible amount of observing time. This pajge  distance estimates can also be provided from associatidhs w
scribes the PSR astrometric program, including the use of newother astrophysical objects (e.g. Camilo et al., 2006) ouah
features in the DiFX software correlator to efficiently lezaal- geometric parallax measurements made via timing (e.gaot
ibrator sources, selection and observing strategies fangke et al., 2006), parallax measurement using Very Long Baselin
of 60 pulsars, initial results, and likely science outconisten- Interferometry (VLBI; e.g., Chatterjee et al., 2009) is thest

tial applications of high-precision relative astrometynteasure widely applicable technique and has provided the most ateur

source structure evolution in defining sources of the Iatgonal  distance measurements (Deller et al., 2008).

Celestial Referent Frame are also discussed. The PSHT program is using the Very Long Baseline Array
(VLBAY) to undertake a large pulsar astrometry program, taking
advantage of the VLBA' relatively large field of view to obse

Keywords pulsars, techniques: interferometric “in—beam” calibrators for the best astrometric accuraekiiy
advantage of this capability requires the identificatioswfable
calibrator sources, which was the first (now largely cong)let
phase of the PSR project. The second phase, which is under-

1 Introduction way now, involves astrometric observations for 60 pulspread
over a 1.5 year period. A third phase, not yet approved, would

o o . ) ) ) expand the program to 200 pulsars once the ongoing VLBA sen-
Due to their unique combination of high density, high magnetsitivity upgrade is complefe

field and high angular momentum, pulsars provide arich Bbor | this paper, preliminary results of the PBFprogram are
tory for investigating phenomena in the fields of nucleargifs,  resented, including the success of the in-beam calibsatoch
particle physics, gravitational physics and many othe#e 9., program and the verification of identified calibrators intiaias-
Lorimer, 2008, and references therein). However, studies Qometric epochs. The current status of the program andsitan
pulsars are hampered by the uncertainty in distance-dependine next 18 months are presented, along with the expected pro
quantities introduced by the reliance on dispersion measyam outcomes. Finally, new techniques for and applicatizin
(DM) distance estimates. Due to the highly non—uniform disyigh precision astrometric datasets are discussed, ingutle
tribution of ionized material in the ISM on sub-kpc scalé® t stential for direct and accurate measuremenas—level vari-

correspondence between a pulsar's DM and its distance k&en 4iion in the structure of sources which define the Internatio
mains uncertain, despite the development of detailed raawfel ~qjestial Reference Frame (ICRF).

the ionized interstellar medium (e.g., the TC93 model; dagd
Cordes 1993, and the NE2001 model; Cordes & Lazio 2002).
Although distances estimated from the TC93 and NE2001 mod-
els are generally assumed to be accurate to within 20%,quevi |
astrometric pulsar observations have shown that muchegreat
rors are sometimes possible for individual objects (e.factor

The VLBA is operated by the National Radio Astronomy Ob-

servatory as a facility of the National Science Foundatiap,

erated under cooperative agreement by Associated Urtiestsi

Inc.

QSLR?N'dOUde Hoogeveensedijk 4, 7991 PD Dwingeloo, The the v BA sensitivity upgrade program is described at
etherlands

http://www.vlba.nrao.edu/memos/sensi/
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2 In—beam calibrator search observations
30} .

201 ’; e .\\*Q . |
\

101

The steep spectrum exhibited by most pulsars dictates tasgex
astrometric survey using current VLBI facilities must ofvseat
relatively low frequency 1.6 GHz) where enough pulsars are >
sufficiently bright. At these frequencies, the predomiremirce
of systematic contribution to astrometric error is the afiin-
tial ionosphere between the calibrator and target souarekso
minimising the calibrator-target angular separation &s rfost
important consideration for obtaining accurate astroyndrg.,
Chatterjee et al., 2004). An “in—beam” calibrator, whicmde
observed contemporaneously with the pulsar target, isyalwe
preferred. However, on average the distance to a known VLI
calibrator source is-2°, much greater than the primary beanr -
width of a 25m antenna (such as is used in the VLBA). Thu:  -30f 1
suitably bright and nearby compact calibrators must betifilet
prior to the astrometric program. The kensitivity of a single 30 —20 —10 0 10 20 30 a0
VLBA baseline at 1.6 GHz is 1.7 mJy in 5 minutes at the currer Offset in arcmin from 18:37:32
maximum bandwidth of 128 MHz; this will improve to 0.8 mJy
at the 512 MHz bandwidth to become available in 2011. Thus,fg. 1 The pointing pattern used to search for in-beam calibra-
a S/N ratio of 10 is required at each of the VLBAs 10 stationgpors. The dashed lines show the half-power point of the VLBA
calibrators of peak flux density6 mJy can be used currently, beam, an open circle represents the pulsar and the filleésirc
while those>3 mJy will become available with future highershow the background NVSS sources. The circle diameter is pro
bandwidths. portional to the logarithm of the NVSS integrated flux depnsit
In the past, this “in~beam search” operation was timeFhis example shows the field surrounding PSR J1837-0045.
consuming, due to the need to identify sources likely to be-co
pact before snapshot VLBI observations were used to determi

their true flux one at a time. However, a new “multifield” mode . . .
of the DiFX software correlator (Deller et al., 2011) enzasbleseamhlng around 200 pulsars. Over 7000 potential cafityat

-have been imaged, with 530 detected in our VLBI maps 8.

all known sources Withi.n the_ telescope primary b_eam t(.) be ”eJne or more satisfactory in—beam calibrators were found for
spected at VLBI resolution simultaneously, meaning onlyna s 97% of sources, with the remainder largely being lost due to

gle snapshot observation is required, regardiess of théauiof scattering in the Galactic plane. The detection rate wagpeem

candidates. The VLBA can reach a bensitivity of 300uJy in |r_%tile for FIRST and NVSS sources; although the FIRST catalog
less than 4 minutes on—source, and so phase-referenced Vi . . - ]
observations can quickly and reliably detect all VLBA inabe IS more compact on average, it also contains objects fatinéer

our VLBI detection threshold, so this is not surprising. 3&eb-

calibrators that will be useful at current or future datasat . o - I
. L . servations were optimized to locate sufficiently brighttieam
The first phase of the PSRproject is a search for in~beam™ _ . . .
calibrators, and so the raw results in terms of VLBI detectio

calibrators around potential astrometric targets. Figlyshows . . . -
. . fractions should be interpreted with caution.
an example of the pointing layout used, with known backgdoun
sources identified by circles. In each case, the obsengti@ne
referenced to the nearest known suitable VLBA calibrater (d
fined here as R) using the following scan sequence: . .
R-P1-P2-R-P3-P4-R-P1-P2-R-P3-P4-R 3 Astrometric scheduling
Two minute scans on each target pointing were used, for a

total on-source time of four minutes per pointing. Gengrall ot the sources with one or more sufficiently bright in-beatn ca
five target pulsars with relatively small angular separ&tiwere i aor candidates, 110 were selected for exploratorpastric

grouped and observed sequentially in a single observaon dnseryations. The exploratory phase is used to confirm tite su
minimise calibration overhead. Correlation was perforniee ability of both the pulsar and the in-beam calibrators, esitie

ing the DIFX software correlator (Deller et al., 2011) withed 1, isar flux density is often uncertain and the snapshot vaser
phase centre placed on each known source. Sources Were s provide limited constraints on source morphologyrfr
tracted from the FIRST survey (Becker et al., 1995) wheré-avahese observations, 60 sources will be selected for fuibamtt-
able, and the NVSS survey (Condon et al., 1998) in areas ngt ohservations encompassing 8 epochs over 1.5 years.
covered by FIRST. Correlation was performed with a spectral  £or poth exploratory and final astrometric observations, pu
resolution of 4 kHz to avoid bandwidth smearing, but the OUtP g4rs are grouped in pairs to minimise calibration overheat! a
visibilities were averaged m time to 4 second resolutiod an improveuv coverage. Each pulsar is observed in two groups of
frequency to 1 MHz resolution. phase referenced scans, with 30 minutes of on—source time pe

Currently, the in—beam search observations for AS®e 4,6, The remainder of the time was spent slewing or on exter
nearly complete, with 77 hours of observing time expended

Offset in arcmin from -00:45:10
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Fig. 2 Results from the first astrometric epoch on PSR J0323+3%¢k®ise from top left: the pointing setup (concentric &
showing the 75%, 50% and 25% response points of the beamputbar detection from a gated correlation, the primary ambe
calibrator, and the secondary inbeam calibrator.

nal calibrator sources. Matched filtering (Deller et al.02Pis solution error because of the improved S/N. Sources too fain
applied when correlating pulsar data, using pulsar ephideeer provide solutions in isolation can then be used in the surh, bu
obtained from pulsar timing. Figure (2) shows the pointiayp each source must be accurately modeled in order to be added co
and the VLBI detections of the source PSR J0323+3944 and fterently. Furthermore, if any of the included sources gdrigo-
two in—beam calibrators. sition then the sum and the astrometric results may be aglyers
Several possibilities exist for taking advantage of théufor affected.
nate case of multiple in—beam calibrator sources. The sshpl A third, and ideal, possibility is that three or more calibra
is to re-reduce the datasets using each calibrator indeppd tors would be used to solve for a calibration plane, rathanth
(Chatterjee et al., 2009). This provides robustness ageals point, above each antenna at regular intervals in the casenv
ibrator variability, but cannot easily take advantage & par- Whilst it is presently challenging to obtain sufficientlyghisig-
tially independent results. A more sophisticated appraade nal to noise observations on three or more calibrators, yt bea
appropriately weight the calibrator visibilities and codmly possible for a small number of P$Rtargets, and future high—
sum them. This averages over the partially independent-atnsensitivity, wide—field instruments such as the Squarerido
spheric errors, and also reduces the random component of theArray (SKA) should use this approach routinely. Furtbg+
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portunities offered by multi—source astrometric dataaetsdis- Such an observing program could be used to monitor the

cussed in Section (5) below. source structure stability of a small sample of ICRF soyraks
lowing better estimation of the level at which source suuet
evolution contaminates the ICRF (by using the ICRF source as
a calibrator and investigating the correlated motion ofdtier

4 PSR7Toutcomes in—beam sources). This could be undertaken commensalty wit
other astrometric projects using these calibrators. Heweav
would be necessary to obtain a deep image of the field around

The completion of the first phase of PBRwill bring about a  the source with a lower resolution instrument to first idigrttie
six-fold increase in the number of pulsars with a parallaamepotential VLBI sources.

sured to an accuracy of f@s or better. Combined with the small
number of existing accurate pulsar distance measureswitis
give a moderately sized(70 objects) pool of pulsars with reli-
able distance measurements which can be used for unbiasedén
vestigations of the pulsar luminosity and velocity funooThe
significant increase in the number of accurate distance umess
will also be used as part of the next major upgrade to the @alacThe PSHT program, which will measure 60 pulsar parallaxes to
electron density distribution model, following NE2001 f@es an accuracy of better than %fas, is underway with the VLBA.
& Lazio, 2002). The addition of a large nhumber of new sightA new capability of the DiFX software correlator has beenduse
lines with accurate electron column density measuremeilts wo greatly speed up the identification of the in—beam calivsa
enable a significant improvement to the model, both in terins necessary to reach this level of accuracy, with over 7,006€rpo
removing systematic biases in the large scale structudkjran tial targets imaged using less than 80 hours of observing.tim
cluding many refinements in the form of small scale under— ar@nce completed, the PSRprogram will provide the necessary
over—densities within several kpc of the solar system. information for a substantial improvement in the Galactece
Finally, in a sample of 60 pulsars, itis expected that a fiigni tron density distribution model, and the improved distanéer-
cant number of unexpected and interesting results will m®wn mation for the pulsar population (both directly for somesaug
ered based on individual pulsars. These could take the férmand through the model refinement for the remainder) will glus
high velocity pulsars (e.g., Chatterjee et al., 2005), @istions to update models of the pulsar velocity and luminosity dstr
with supernova remnants (e.g., Thorsett et al., 2002)si@vito tions. Finally, the PSRRI dataset will provide opportunities to
measurements of high—energy emission (e.g., Deller &Q09), explore calibration techniques relevant to future intenfeeters
or breaking degeneracies in pulsar timing models (e.g.leDel such as the SKA.
et al., 2008).
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