
太空|TAIKONG
国际空间科学研究所

北京分部
ISSI-BJ Magazine

No. 1 March 2014

SPACE VERY LONG

BASELINE INTERFEROMETRY



2        太空|TAIKONG  

IMPRINT
太空  | TAIKONG
ISSI-BJ Magazine

Address: NO.1 Nanertiao, 
Zhongguancun, Haidian District, 
Beijing China
Postcode: 100190 
Telephone: +86-10-62582811
Website: www.issibj.ac.cn

Main Authors 

Ken Kellerman, National Radio 
Astronomy Observatory, USA
Xiaoyu Hong, Shanghai
Astronomical Observatory, China

Editors

Ariane Dubost Bonnet
Maurizio Falanga

Front Cover
This image shows an artist‘s 
impression of the Space Very 
Long Baseline Interferometry 
mission concept observing an 
active galaxy in the Universe.

FOREWORD
The International Space Science 
Institute in Beijing (ISSI-BJ) has 
been founded in a golden age, 
in which China is growing very 
rapidly; opening also shared 
objectives in the international 
arena on space science research. 
It is impressive how China is 
promoting this opening-up policy. 
Today, the Chinese space program 
is impressive with new mission 
concepts, which are all innovative 
and with challenging technologies. 
This situation changed the view of 
international collaborations where, 
I believe, that China is becoming 
a key player in the international 
space research. The scientific aims 
of major modern space research 
projects generally require a broad 
range of knowhow and experience 
in science and engineering as 
well as sophisticated spacecraft 
and instrumentation, which is not 
readily available to a single space 
agency and its customers. Space 
research has thus progressed, 
through its many successes, to a 
point where international and even 
global cooperation has become 
mandatory.  

In this context ISSI-BJ provides a 
great contribution as an excellent 
international center to facilitate 
the scientific exchanges e.g., 
by organizing international 
workshops, international teams, 
schools, and forums. Forums are 
informal and free debates among 
some twenty to twenty-five high-
level participants  on open questions 
of scientific nature or science 
policy matters. These forums may 
lead to formal recommendations 
or decisions, where the report is 
published in this new created ISSI-
BJ magazine called TAIKONG.  
Taikong means outer space in 
mandarin and encapsulates 
Chinese  developments in space 
science. ISSI-BJ organizes a 
series of forums to discuss the 
science and related technology 
to archive the scientific goals 
for future candidate missions 

supported by The Space Science 
Strategic Pioneer Project of the 
Chinese Academy of Sciences. 
Within this context, ISSI-BJ 
organized the forum on the Space 
Very Long Baseline Interferometry 
(SVLBI) candidate mission. Space 
VLBI can produce images with 
much higher angular resolutions 
than any other astronomical 
instruments, thus is a powerful 
tool for investigating interesting 
astronomical phenomena in many 
unique ways. Space VLBI systems 
with two antennas in space is 
a very ambitious mission. The 
planned observing frequency is 
up to 43 GHz (Q band), which is 
new to space VLBI. Combining 
this frequency with a baseline 
of up to 60,000 km, the mission 
would be able detect a launching 
point of the jet from a black hole 
situated in the central region of a 
galaxy. The envisioned Chinese 
Space VLBI system might even 
capture an image of the outer part 
of an accretion disk. Astronomical 
masers in our Galaxy and 
some external galaxies are also 
interesting science targets, in 
addition to a number of other 
possible ones currently being 
explored. The forum participants 
were very actively discussing these 
opportunities and they ended with 
several recommendations all 
reported in this magazine.

It is a special honor to write the 
Foreword of the first published 
ISSI-BJ magazine TAIKONG.  
However, on this occasion, I 
would like to compliment warmly 
the conveners and organizer of 
the Forum, in particular Xiaoyu 
Hong and Ken Kellermann who 
with dedication, enthusiasm, and 
seriousness, conducted the whole 
forum and the edition of this report. 
Let me also thank all those who 
participated at this event and in 
the production of the first ISSI-BJ 
magazine. Congratulations to all.

Prof. Dr. Maurizio Falanga
Beijing
March 2014
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INTRODUCTION
Approximately fifty scientists and 
engineers from Australia, China-
Taipei, Germany, Ireland, Italy, 
Japan, Korea, New Zealand, Russia, 
Switzerland, The Netherlands, 
and the USA as well as China 
met at the International Space 
Science Institute in Beijing, China 
to discuss scientific opportunities 
and engineering requirements 
for a Space Very Long Baseline 
Interferometry (VLBI) mission that 
will complement and extend the 
previous successful TDRSS (USA), 
VSOP (Japan), and RadioAstron 
(Russia) missions.  The Forum was 
sponsored by the International 
Space Science Institute-Beijing 
(ISSI-BJ) and the Shanghai 
Astronomical Observatory (SHAO).
 
The Forum concentrated on the 
main scientific drivers for space 
VLBI and how they define the 
mission specifications, reviewed 
lessons learned from the previous 
successful as well the unrealized 
space VLBI missions, discussed 
the proposed Space Millimeter-
wavelength VLBI Array (SMVA) 
for very high resolution imaging, 
and examined opportunities 
for international collaborations.  
Considerable attention was given 
to defining the best frequencies 
to address the scientific 
questions, and the associated 
technical issues including the 
downlink design to optimize the 
sensitivity.  Although the best 
angular resolution is obtained at 
the shorter wavelengths, there 
are considerable engineering 
challenges involved in the design 
and implementation of the 
space-based antennas, feeds and 
receivers needed to obtain good 
sensitivity, even at 7 mm.  
 
A number of important 
developments over the past few 
years made it appropriate to 

hold the Forum at this time.  This 
includes the successful launch and 
operation of RadioAstron and the 
emerging plans for Millimetron.  
The Forum reviewed the current 
status and future plans for space 
VLBI, the primary scientific goals, 
the needed technologies, and 
how to best optimize international 
collaborations.

CHINA IN SPACE
Professor Wu Ji, Director of the 
Chinese National Space Science 
Center (NSSC) in Beijing described 
the history and status of Space 
Science in China.  As is well known 
Chinese astronomical observations 
go back more than 4,000 years to 
the earliest reported observations 
of comets, novae and eclipses, 
while Chinese records of auroras 
are more than 15,000 years old. It 
was the ancient Chinese that first 
pointed out that the comet tails 
always point away from the sun 
(see Fig 1). 

 The era of modern space science 
in China began with the return 
of Qian Xuesen from the United 
States in 1955.  A few years 
later, shortly after the launch of 
Sputnik the Chinese government 
decided to build the first Chinese 
satellite and established a space 
institute which is now known as 
the National Space Science Center 
(NSSC).  Starting in 1970 a series of 
satellites was launched to study 
high energy cosmic rays and the 
effects of micro gravity.  More 
recently a Chinese multi-satellite 
mission has been used to explore 
the Earth’s Magnetosphere, while 
the Double Star cooperative 
program with ESA to study 
the Earth magnetosphere in 
complement of its Cluster mission 
has led to nearly 2,000 refereed 
publications.  

Current emphasis is on 

understanding how the Universe 
and life originated, how does it 
evolve, and the place of human 
beings in the Solar System.  The 
Chinese Academy of Sciences 
(CAS) leads the Strategic 
Pioneer Program to deepen our 
understanding of the Universe and 
planet Earth through independent 
and cooperative science programs.  
The Hard X-ray Modulation 
Telescope (HXMT) covering the 
range from 1 to 250 kev with 
three instruments was approved 
in 2011 for a planned launch in 
2015.  Other planned missions 
include the Quantum Experiments 
on Space Scales (QUESS), the 
Dark Matter Particle Explorer 
(DAMPE), the Recoverable Satellite 
for Microgravity and Space Life 
Sciences (SJ-10), and KUAFU for 
solar studies.

The first batch background 
research for the next generation 
of Chinese space science missions, 
which includes the Space 
Millimeter VLBI Array (SMVA) was 
selected for further study in 2011; 
a second batch was selected in 
2013. 

Fig 1. The earliest observation of Haley’s 
comet in the world, Chunqiu Zuozhan 
Wengong, (Credit: Encyclopedia of 
China, 1999)
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COMPLEMENTARY 
SPACE VLBI 
MISSIONS
Leonid Gurvits reviewed the 
history of space VLBI including 
the unrealized programs as well 
as the successful TDRSS, VSOP, and 
RadioAstron missions.  

TDRSS

From 1986 to 1988, the NASA 
Tracking and Data Relay Satellite 
System (TDRSS) was used in 
a arogram led by Gerry Levy 
to support limited space VLBI 
observations at 2 and 13 cm 
on baselines up to 2.16 Earth 
diameters.

VSOP

Hisashi Hirabayashi described how 
the engineering satellite Muses-B 
evolved into an international 
scientific project as a result of 
extensive collaborations with many 
partners. VSOP was operational 
from 1997 to 2005 at 6 and 18 cm, 
but the 1.3 cm system apparently 
failed on launch.  Planning and 
operation of observing program 
and coordination of the ground 

radio telescopes was provided 
by the Inter Agency Coordination 
Group, the IAU-URSI Global VLBI 
Working Group, and the VSOP 
International Science Council.  
Tracking support was provided by 
a network of 5 stations in Japan, 
the US, Australia, and Madrid.  The 
8-m mesh antenna was in an orbit 
providing baselines out to 30,000 
km.  Yasuhiro Murata discussed 
the situation of VSOP2 and some 
recent considerations in Japan for 
future space VLBI missions.

RadioAstron

After 30 years in development, 
Yuri Kovalev reported that 
RadioAstron was finally launched 
in 2011 and since early 2012 has 
been successfully operating in 
an interferometric mode at 0.3, 
1.6. 5, and 22 GHz with baselines 
out to 300,000 km, or more than  
ten times the maximum baseline 
obtained with VSOP (see Fig 2).  
With careful measurements of the 
orbit, coherence is maintained for 
up to several minutes at 22 GHz.  

Ground based support is provided 
by essentially all of the major 
radio telescopes in the world, 
and tracking stations located near 

Moscow, Russia and in Green Bank, 
West Virginia in the United States. 
International coordination of the 
program is provided through 
the RadioAstron International 
Science Committee. Following a 
period of about one year of “Early 
Science” operations, RadioAstron 
is currently supporting seven “Key 
Science” programs including AGN, 
masers, the ISM, and transients. 
Observations with RadioAstron 
provide more than an order of 
magnitude improvement in 
baseline length and is exploring 
AGN brightness temperatures as 
great as 1014 K.  A rather surprising 
result was the detection of fringes 
at 92 cm from a pulsar out to 
baselines greater than 100,000 km, 
which has greatly impacted our 
understanding of turbulence in 
the ISM (see Fig 3).  

Lessons Learned

The VSOP and RadioAstron 
missions have taught us many 
important lessons for the planning 
of future space VLBI missions. 
These include: the need for dual 
frequency capability for phase 
transfer; the need for very stable 
time and frequency standards 
as there is no atmosphere in 

Fig 2. Artist’s conception of RadioAstron, the Russian space 
VLBI mission. RadioAstron has been in operation since July 
2011 with baselines extending out to 350,000 km. (Courtesy 
of the Russian Lebedev Physical Institute Astro Space Center)

Fig 3. Residual fringe rate vs delay diagram showing the 
interferometric fringe signal from the quasar 0212+735 
on a 100,000 km baseline between RadioAstron and the 
100m radio telescope in Germany. (Credits: see Fig 2)
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space to limit coherence; thermal 
distortions can limit performance 
at the short wavelengths and 
must be minimized; theoretical 
predictions of what can and 
cannot be seen are not to be 
taken too seriously; there are 
important areas of study at the 
longer wavelengths which might 
be missed if there is not provision 
for long wavelength observations; 
it is important to make clearly 
understood arrangements for 
selecting programs and for 
ground based telescope support 
well in advance of the launch; a 
dedicated ground network would 
be very valuable and would ease 
the scheduling process; the need 
to choose orbits that  provide 
baselines intermediate between 
the Earth based baselines and 
the more distant Earth-space 
baselines; the importance of 
planning a project that is both 
sufficiently transformational as 
well as realistic in terms of cost and 
schedules.  

Millimetron

Thijs de Graauw reported on the 
exciting potential complementary 
opportunity provided by the 
planned Millimetron mission 
led by the Russian Astro Space 
Center (see Fig 4).  Millimetron 
will include opportunities for both 
filled aperture photometry in the 
FIR, submm, and mm bands as well 
as coherent VLBI at baselines up to 
2.5 million km at frequencies up to 
1 THz with a 10-meter class space 
telescope.  Millimetron is planned 
for lifetime of ten years.  The Phase 
A study will be complete by March 
2014, and Phase B by the end of 
2015 with a launch scheduled for 
2019/2020, so it is expected to 
overlap with the Chinese Space 
Millimeter-wavelength VLBI Array.

PROPOSED CHINESE 
2-ANTENNA ARRAY
SPACE 
MILLIMETER-WAVELENGTH VLBI 
ARRAY (SMVA)

The Forum discussions were 
focused around a two-antenna 
concept developed by SHAO 
which tries to achieve high 
resolution without compromising 
image quality.  The primary 
scientific goals will be to study 
the acceleration and collimation 
of relativistic jets launched from 
quasars and AGN, imaging the 
emission structure surrounding 
super massive black holes (SMBHs), 
imaging extra-galactic water 
mega-masers in accretion disks 
orbiting SMBHs to reveal the disk 
structure and dynamics, all with 
unprecedented angular resolution 
and image quality.

The Chinese Space Millimeter-
wavelength VLBI Array mission 
extends previous Space VLBI 
missions by combining higher 
frequencies with instantaneous 

two-dimensional imaging 
capability, and as a result will enable 
higher angular resolution studies 
of the cores and jets in active 
galaxies and the environments of 
masers in our galaxy and the local 
Universe.

Although, radio Very Long Baseline 
Interferometry gives the highest 
angular resolution images in 
astronomy reaching about 0.001 
arcseconds using ground based 
antennas and more than an order 
of magnitude better using space 
to Earth interferometer baselines, 
past space VLBI missions such as 
TDRSS and VSOP have achieved 
only modest improvements in 
resolution in order to maintain 
relatively good imaging capability 
from relatively low orbits, or, 
as in the case of RadioAstron a 
large improvement in resolution 
at the expense of good imaging 
capability.  

The broad design of the SMVA 
project was introduced by Prof. 
Xiaoyu Hong (Director of SHAO).    
Hong described the Chinese 
astronomical resources at NAOC 
including Beijing, Nanjing, Urumqi, 
and Changchun; Purple Mountain 
Observatory, as well as SHAO.  He 
discussed the Chinese activities 
connected with the Miyun Array, 
the 21CMA, FAST, the Antarctic 
Observatory, the SMVA, and 
Chinese participation in planning 
for the SKA. As background, he 
discussed the long history of 
Chinese involvement in VLBI 
dating back to the 1970s, and 
presented a roadmap for the space 
VLBI project.  Stage 1 will consist 
of two 10-m space telescopes 
working to 43 GHz to realize 20 
microarcsecond resolution with 
good (u,v) coverage together 
with ground antennas.  Stage 1 
has a potential start in 2015 with 
a planned launch in 2020.  Stage 
2 which will cover the period 2021 

Fig 4. Artist’s conception of the 
planned Russian Millimetron 
submm/FIR space mission. Millimet-
ron will operate at wavelengths be-
tween 60 and 600 microns as well 
as for mm and submm VLBI to give 
microarcsecond resolution. (Credits: 
see Fig 2)
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to 2025 will contain three 12 to 
15 m antennas working up to 86 
GH; while stage 3 will come after 
2026 and will include 3 to 4 15 
m antennas working at sub-mm 
wavelengths.

The mission proposes two 
spacecrafts, most likely in two 
orbital planes 120 degrees apart 
which will naturally provide two-
dimensional spatial frequency 
coverage with unprecedented 
angular resolution in these 
frequency bands, allowing both 
the longitudinal and transverse 
structure of AGN jets to be probed. 
The dual polarization receivers will 
allow rotation measure gradients 
across jets to be observed, and 
extend ground-based studies that 
have hinted at helical magnetic 
field structures which are likely to 
collimate jets (See Fig 5).

The increase in angular resolution 
gained from space baselines 
is particularly important for 
spectral line studies, for which an 
increase in observing frequency 
is not possible. The proposed 
bands of 6 to 9 GHz, 20 to 24 
GHz and 40 to 46 GHz cover the 
key maser transitions of 6.7 GHz 
(methanol), 22.2 GHz (water), and 

43.1 GHz (silicon monoxide). The 
distribution and evolution with 
time of masers around evolved 
stars and in star forming regions 
enables detailed studies of stellar 
physics to be carried out. Space 
VLBI in particular constrains the 
sizes of the masing regions, which 
provides unique information on 
the maser environments.

In 2011, SHAO conducted further 
feasibility studies focusing on 
techniques and engineering.  
In 2012 the space VLBI array 
project was approved by the 
Chinese Academy of Sciences as a 
“Background Prototype Research” 
with a budget of 24.5 million 
RMB (US$ 4 million).  There will 
be a review meeting in 2015 to 
evaluate if the space VLBI array will 
be approved for development. 

SCIENTIFIC GOALS 

The Scientific goals of the 
program, which were discussed 
by Phil Edwards and Zhiqiang 
Shen, include some of the most 
important questions which will 
help to better understand the 
Universe with emphasis on super 
massive black holes (SMBHs) 
and AGN, relativistic jets, and 

the formation and evolution of 
massive stars.  

The highest angular resolution 
achievable in astronomical 
imaging comes from observations 
using the VLBI technique. The 
angular resolution improves 
with increasing baseline length, 
and with increasing frequency. 
Imaging fidelity requires a range 
of baseline lengths from short to 
long in order to sample the full 
range of spatial sizes in the image 
and reduce artifacts resulting from 
gaps in the baseline range.

SMBHs play a major role in a 
wide range of astrophysical 
phenomena. Of particular interest 
will be the potential for imaging 
the shadow caused by the SMBH.  
The extension of VLBI into space 
provides the opportunity to 
probe closer to the central black 
hole, directly imaging the regions 
where jets are accelerated and 
collimated. In the nearest AGN the 
angular resolution of the Chinese 
Space VLBI mission approaches 
the scales on which the silhouette 
of the black hole – shadowing the 
innermost edge of the accretion 
disk – may become visible. 
Simulations indicate such studies 
have the potential to provide 
information on black hole spin 
and inclination of the accretion 
disk, though full simulations 
incorporating all the factors that 
will impact VLBI imaging of such 
features have yet to be realistically 
made.

At 7 mm it will be possible to 
detect and image the BH shadow 
in the nearby galaxy M87 with 
a resolution only about 5 times 
greater than the Schwarzschild 
radius.  NGC 5128 (Centaurus A) 
is also a prime target, but there 
are only a limited number of 
radio telescopes in the southern 
hemisphere with 7 mm capability 

Fig 5. The idea of Chinese Space Millimeter VLBI Array (Courtesy of SHAO)
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(See Fig 6).  It will be possible 
to study Sgr A* at the Galactic 
center with unprecedented linear 
resolution and at 1.3 cm to  image 
extragalactic water masers which 
lie in accretion disks orbiting 
SMBHs to determine SMBH masse 
and to directly measure their 
geometric distances. 

As discussed by Zhiqiang Shen, 
imaging of AGN jets will enable a 
detailed study of the morphology, 
kinematics, and polarization 
in extragalactic jets leading to 
a better understanding of the 
formation, acceleration, and 

collimation of relativistic jets, 
the origin of very high energy 
gamma-ray emission, and the role 
of magnetic fields. Ground based 
VLBI has revealed the parsec-scale 
structure of distant galaxies and 
active galactic nuclei, which are 
believed to be powered by the 
accretion of material toward a 
central supermassive black hole. 
Through processes that are not 
yet understood, jets of material are 
ejected at relativistic speeds from 
near the black hole. Currently, 
ground based VLBI does not have 
sufficient resolving power to study 
the regions closest to the SMBH 
where the jets are created. Of 
particular interest for space VLBI 
will be the opportunity to test 
models of emission, absorption, 
and inverse Compton cooling as a 
result of the very high brightness 
temperatures which are probed 
by baselines larger than the Earth.  
Ground based VLBI observations 
have insufficient baseline length 
to test the applicability of Doppler 
boosting models on the observed 
brightness temperatures.

Multi-frequency polarization 
observations, as described by 
Denise Gabuzda and Andrei 
Lobanov, will allow the study of 
magnetic field distribution as 
well as give enhanced resolution 
due to the vector nature of 
polarization.  By exploiting the 
possibility of matched resolution 
over a wide range of frequencies, 
it will be possible to probe optical 
depth effects near the base of the 
jet where there is a transition in 
opacity.  Finally, it was noted that 
the good resolution of SVLBI at 
long wavelength will facilitate the 
study of Faraday rotation effects.  

The direct mapping of the disk 
structure and dynamics of water 
and silicon monoxide masers 
can lead to more accurate 
determination of SMBH masses 

well as a better determination 
of the Hubble Constant, Ho. 
However, as discussed by Willem 
Baan, it will be challenging to 
obtain sufficient sensitivity for 
these spectroscopic observations 
with limited line widths.  Currently 
the expected sensitivity in a 2 
minute integration time in a 100 
kHz bandwidth is about 150 and 
40 mJy rms to a VLBA antenna and 
100-m telescopes respectively. 

Longer wavelength observations 
are needed to study turbulence in 
the interstellar medium and cosmic 
OH masers, but this capability 
presents other engineering issues 
that might be addressed with an 
innovative feed design.  Although 
precision astrometry and spatial 
phase referencing achieved by 
rapidly alternating between the 
target and reference source were 
thought to be difficult, there was 
considerable interest expressed 
by Ed Fomalont and others in 
using multi-frequency phase 
referencing, but this may require 
a more complex feed arrangement 
which is difficult to implement 
without the loss of some sensitivity.  

Carl Gwinn and Dave Jauncey 
pointed out that almost all               
SVLBI missions are affected by 
scattering in the ISM.  Arguably, 
the biggest surprise to come from 
RadioAstron was the detection of 
fringes from the pulsar B0950+08 
out to 220,00 km suggesting that 
our understanding of interstellar 
plasma turbulence is incomplete.  
Not only will long wavelength 
SVLBI observations enhance our 
understanding of the ISM, but 
the long wavelengths results can 
be applied to correct the short 
wavelength AGN observations 
for the effects of scattering in the 
interstellar medium.  

Ken Johnston discussed the 
astrometric use of space VLBI and 

Fig 6. 21 cm image of the radio galaxy 
radio galaxy NGC 5128 made with the 
Australia Telescope Compact Array 
showing the extended radio lobes 
thought to be powered by an AGN 
formed by supermassive black hole at 
the galaxies nucleus.  The CMSVA will 
be able to explore the nature of the 
AGN in NGC 5128 with unprecedented 
detail. (Courtesy of the CSIRO Australi-
an Telescope National Facility)
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applications to the International 
Celestial Reference Frame, solar 
system navigation, as well as a 
variety of terrestrial, astrophysical, 
and fundamental physics problems.  
However, the requirements of orbit 
determination at accuracies better 
than 10 cm for at altitudes above 
22,000 km limit the astrometric 
accuracy to levels poorer than that 
which can be achieved from the 
ground.  To achieve this accuracy, 
an extensive development 
program is needed. Given the 
proposed 2020 launch, it may be 
appropriate to defer astrometric 
observations to the next phase of 
the program. 

To measure the position of a 
spacecraft at altitudes above the 
Global Navigation Satellite System 
(GNSS), the spacecraft would have 
to be monitored by a ground to 
spacecraft link to an accuracy 
better than 1 cm line-of-sight 
distance using a bidirectional three 
frequency two way microwave link.  
Several ground stations would 
have to be used to constantly 
measure the line-of-sight distance.    
In addition the spacecraft would 
have to be equipped with a 
state of the art GNSS receiver 
equipped with multiple GNSS 
bands receiving signals from GPS, 

Galileo, and Compass which are 
all estimated to be in operation 
by as early as 2020. Laser Ranging 
could be used to calibrate the 
two way microwave link.  Given 
the expected progress in satellite 
tracking in the next ten years, it 
should be possible to achieve 
spacecraft positio accuracy better 
than 10 cm, for altitudes  above  
90,000 km, making absolute 
as astrometry possible with 
precisions equal to or better than 
achieved from the ground.  

A practical question is how many 
targets can be detected at 8.0, 
22.0 and 43.0 GHz, assuming 
state-of-the-art receivers and 
maximum bandwidth.  The 
Forum participants discussed 
the merits of a pre-launch survey 
using existing ground based 
facilities.  This should be based on 
the brightest and most compact 
sources from previous high-
frequency VLBI survey at 86 and 
43 GHz and newly recognized flat-
spectrum sources from single-dish 
flux density monitoring programs. 
The Korean VLBI Network (KVN) 
has already established a sample 
of compact calibrators which can 
be a base for further selection. The 
ALMA calibrator list could also be 
useful.  For those sources having 

no previous VLBI data, new VLBI 
snap-shot observations should 
be considered to determine 
the compactness of the source 
structure. 

SPACECRAFT   
DESIGN & 
IMPLEMENTATION  
PLANS
The mission design specifications 
were reviewed by Xiaoyu 
Hong, Qinghui Lui, and Li Bin. 
Independent designs of the 
spacecraft are being carried out by 
the Institute of Spacecraft System 
Engineering and the Shanghai 
Institute of Satellite Engineering 
which have delivered more than 
90 spacecraft since 1970.  The 
minimum lifetime of the Chinese 
VLBI satellites is targeted at 3 
years.  About 150 kg of fuel will be 
included in the spacecraft for orbit 
control and modification as well as 
a generous contingency.

Launch Vehicle:  
It is proposed to use the LM-3C 
rocket which has a launch capacity 
of 3800 kg.
Antenna Elements: 
Xiaofei Ma and Xiao Liu discussed 

Fig 7. 2cm VLBA image of the inner jet of the radio galaxy M87.  Due 
to the relative proximity of M87, the VLBA resolution of about 0.001 
arcseconds corresponds to a linear resolution of about 0.1 parsec.  The 
jet structure appears bifurcated, possible due to a fast spline –  slow 
sheath structure.  Note the beginning of a faint counter- jet in the op-
posite direction of the main jet.  (Courtesy of the MOJAVE Collaboration 
and NRAO..

Fig 8. MOJAVE 2 cm image of the inner part of 
the relativistic jet in the blazar 3C 273 with a 
resolution of about 0.001 arc seconds.  The to-
tal extent of the jet is about 0.02 arc seconds.  
The bent structure may be due to precession 
of the jet exhaust from the super massive 
black hole. (Courtesy of the MOJAVE collab-
oration)
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the design and fabrication of the 
10-m high precision mesh antenna. 
The antenna elements will include 
a central 2-m solid surface plus an 
outer mesh structure that will be 
folded for launch (See Fig 9).  They 
hope to achieve a surface accuracy 
better than 0.4 mm rms which 
will give an aperture efficiency 
better than 40% at 43 GHz using 
a solid surface Cassegrain sub-
reflector. Composite materials are 
being used to minimize thermal 
deformations. Pointing accuracy is 
expected to be good to 15 arcsec.

Time and Frequency Specification:  
It is proposed that time and 
frequency on the spacecraft will 
be determined with onboard 
Hydrogen masers being developed 
at SHAO as well as independently 
supported using uplinks from the 
Earth stations.

Frequency Bands:
The frequency bands under 
consideration are X, K, and Q.   The 
K and Q band LNAs will be cooled 
to 30 K. using a new cryostat 
design.  Many of the participants 
argued for the inclusion of an 
L-band system, since it is here that 
one can get the strongest limits to 
the brightness temperature and 

also the possibility to study OH 
masers.  However, the inclusion of 
an L-band system may generate 
engineering difficulties and/or 
impact the performance at the 
shorter wavelengths.The feed plan 
presented to the Forum called for 
three independent feeds each 
allowing dual LCP/RCP, but there 
was considerable interest 
expressed in multi-frequency 
concentric feeds or in a quasi-
optics system as used by the KVN 
to facilitate frequency phrase 
referencing. 

Correlation: 
Zhang Xiuzhong discussed the 
correlator requirements for the 
space VLBI mission.  Currently 
SHAO operates an FPGA based 
correlator as well as a software 
correlator.  These have been 
mostly used in support of the 
Chinese lunar project and more 
development will be needed for 
astronomical applications.  Both 
software and GPU based correlator 
systems are being considered.  

ORBIT 
DETERMINATION & 
IMAGING
Tao An and Andrei Lobanov 
talked  about the orbit design 
and reconstruction and the 
optimization of the  SMVA imaging 
potential including simulations of 
the Fourier plane coverage. The 
design presented calls for two 
antennas each with an apogee of 
60,000 km, perigee of 1200 km, 
with a 120 degree angle between 
the two orbital planes, each at an 
inclination angle 28.5 degrees.   
There was vigorous discussion 
of how to optimize the Fourier 
plane coverage from various orbit 
considerations and the impact 
to the imaging quality of the 
proposed mission. A number of 
questions were discussed which 
will help to define the work of 
the project team along with the 
international community.

A consensus is that the next-
generation space VLBI must 
provide significantly better 
imaging quality than VSOP or 
RadioAstron. Thus, the main goal of 
the orbit design is to show that this 
is indeed the case. This effort will 
require investigating a wide range 
of two-spacecraft orbit designs 
to simulate (u,v) coverage and 
to analyze images of a variety of 
likely source structures, strengths 
and angular sizes. In specifying 
the orbit parameters of the two 
spacecraft it will be important to 
consider the effects of precession.

The precision of images made 
from space VLBI will depend on 
the SNR on the space baselines, 
the ability of accurately align all 
IFs and channels in the observing 
band, understanding the effects 
of coherence, and the a priori 

Fig 9. Artist’s conception of the 10-m antenna for the proposed Chinese
 Millimeter Space VLBI Array. (Courtesy of SHAO)
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amplitude calibration.

There was discussion of the 
optimum relationship between the 
orbits of two spacecraft for highest 
resolution and/or for best Fourier 
plane coverage. Simulations of 
Fourier coverage with a variety of 
orbit configurations are crucial, 
not only for evaluating the orbit 
design, but also for evaluating 
image quality. More advanced and 
realistic simulations are needed to 
address this question.  Moreover, 
orbit design and simulation should 
also be considered in terms of the 
ground tracking station network. 
In this way, the real-time data 
downlink schedule should also be 
taken into account because the 
onboard observation schedule is 
directly linked to itIt may be wise 
to separate the observing and 
tracking station in the simulation 
software. 

Imaging simulation is considered 
to be more persuasive than just 
optimizing the Fourier plane 
coverage. Comprehensive 
simulations are needed to 
justify the technique feasibility 
by including more realistic 
factors (realistic troposphere 
and ionosphere errors, as well as 
random noise, limited ground/
tracking support, and spacecraft 
limitations etc). The orbit design 
should consider visibilities based 
on the simulated Fourier plane  
coverage. The visibilities will 
be used for simulating space-
VLBI imaging for a certain 
source model by considering 
weighting of the visibilities and 
so on. Such a function has already 
been implemented in ARIS. 
Sophisticated image simulations 
should consider the effects of time 
variations as well as the capability 
to reconstruct faint features.  

Image fidelity is also an important 
consideration to achieve the 

scientific goals. Experience shows 
how the gaps/holes in the Fourier 
plane affect the pixel fidelity 
and spatial dynamic range. More 
practical work is needed to evaluate 
possible orbit configurations of 
the Chinese Millimeter Space VLBI 
Array.

The Forum considered the 
question of the importance and 
usefulness of the space-space 
baselines?  The two spacecraft 
configuration is to optimize 
the Fourier plane coverage by 
filling holes and gaps. In orbit 
simulation and imaging quality 
evaluation, the benefit of two 
spacecraft needs to be justified. 
Due to the limited sensitivity, the 
space-space baselines of the two 
spacecraft configuration may not 
contribute much to the image 
quality. However various data 
weighting and long coherence 
times may make the space-space 
baseline more useful. Again 
realistic simulations are needed 
to quantify the advantages of 
multiple spacecraft.  

Phase referencing was introduced 
by Ed Fomalont. It was felt that due 
to orbit uncertainties, in general, 
angular phase referencing will 
not be useful unless the orbit 
uncertainty is less than about 
20 cm. Simulations are needed 
to investigate the possibility/
feasibility of frequency phase 
referencing (low frequency to high 
frequency) which can increase 
the number of detected sources 
at 22 and 43 GHz.  Further study 
will be required if frequency phase 
referencing is to be used; but this 
will require a redesign of the feed 
arrangement. The ARIS software 
package is probably the best one 
to use for these simulations.  The 
functionality of the simulation 
software needs to be upgraded 
to include the (new) requirements 
described here.  The expected orbit 

accuracy is about 3 m but this will 
need to be improved by at least 
an order of magnitude to achieve 
useful phase referencing.  Orbit 
determination will be facilitated by 
the more than 100 GNSS satellites 
expected to be in operation by 
2020.  However, it was noted that 
while most GNSS satellites are in 
Medium Earth Orbit (MEO) and so 
will be below the SVLBI satellites, 
China’s Compass has some 
satellites above MEO.

TRACKING AND 
DATA DOWNLINK 
CONSIDERATIONS

Tracking, telemetry, and data 
downlink will be achieved through 
a combination of China’s existing 
tracking infrastructure and 
worldwide facilities. Xiaogong 
Hu and Yong Huang described 
the requirements on orbit 
determination and the plans for 
obtaining sufficient accuracy. 
Sources of uncertainty include 
solar radiation pressure and 
orbital maneuvers which will be 
critical without a favorable ground 
tracking network geometry and 
adequate time devoted to this 
mission.

It is clearly desirable to support a 
data rate from the spacecraft to the 
Earth that is as large as possible.  
The baseline concept presented 
at the workshop includes a link 
rate of 1.2 Gb/s, and expansion 
to 2.4 Gb/s is being considered.  
128 Mb/s was achieved by each 
of the first generation VSOP and 
RadioAstron missions. Generally, 
the high speed downlink must be 
active during all observing time, 
with the digitized astronomical 
signal transmitted to the ground 
in real time and recorded on the 
ground.  The link bandwidth then 
directly determines the observing 
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bandwidth, and the availability 
of Earth stations for receiving the 
signal is a direct constraint on 
scheduling of observations.

The availability of a large on-board 
data recording capability (where 
8 Tb is planned in the baseline 
concept) does not change this 
in a fundamental way, but it 
does provide two kinds of useful 
flexibility.  First, high bandwidth 
observing can be done in “burst 
mode,” where data are recorded 
on-board and later transmitted 
to the ground at a lower rate.  
This decreases the amount 
of observing time that would 
otherwise be available, since 
observing cannot occur while this 
data is being transmitted.  It thus 
allows trading observing time for 
bandwidth.  This could be useful 
for obtaining higher continuum 
sensitivity when integrations 
are limited by coherence time.  
Second, it allows “time shifting” 
of observations.  To the extent 
that observing is limited by the 
availability of Earth stations, it may 
sometimes be advantageous to 
conduct observations during a part 
of the orbit when no Earth station 
is in view.  If such observations 
use the same bandwidth as is 
supported by the link, the data 
can be transmitted later in a time 
equal to the observing time.  The 
amount of observing time will still 
be limited by the time that links 
to Earth stations are available.  At 
300 MHz (Nyquist) bandwidth, two 
polarizations, and 2 bits/sample, 
the data rate is 1.2 Gb/s and 8 
Tb allows recording 1.8 hours of 
observations.  If the link bandwidth 
is 1.2 Gb/s, this allows up to 1.8h 
of time-shifted observing, and it 
allows burst-mode observing at 
bandwidth 300 MHz∙k for time 
1.8h/k  by using 1.8h of link time 
during with no observing is done.  
(These numbers neglect overhead 
for framing and metadata).

To obtain good continuum 
sensitivity a high data rate of 
least 1.2 Gbps or even 2.4 Gbps 
is needed.  But, it is uncertain 
whether a link rate of 2.4 Gb/s or 
even 1.2 Gb/s is feasible for the 
following reasons.

a.  Spectrum allocations and 
assignments

Within the meaning of the 
International Radio Regulations 
radio communications with a 
SVLBI spacecraft will normally be 
considered as part of the Space 
Research Service (SRS).  Below 
100 GHz, the only bands for which 
the current regulations allow a 
bandwidth of 500 MHz or more for 
SRS space-to-Earth transmissions  
are:

• 9.3-9.9 GHz  primary  (9.9-10.0 
GHz secondary)
• 13.25-13.75 GHz  primary (12.75-
13.25 GHz and 13.75-14.0 GHz 
secondary)
• 25.5-27.0 GHz  primary
• 31.8-32.3 GHz  primary
• 35.5-36.0 GHz  primary
• 37.0-38.0 GHz  primary
• 74.0-84.0 GHz  secondary

Only three bands (shown in italics) 
allow 1 GHz or more.  In all cases, 
the band is shared with other 
services, and in some cases SRS has 
only a secondary allocation.  Even 
when SRS has a primary allocation, 
the band must be shared with 
others who are also primary.  
Some parts of these bands are 
primary for the Radio Astronomy 
Service, with which sharing might 
be difficult.  A proposed use that 
conforms to these regulations 
must still get approval from 
national governments.  In practice, 
approval is not likely unless it can 
be shown that the new use will 
not cause interference to existing 
users.

The 25.5-26.0 GHz band is already 
relied upon for space-to-Earth 
transmission from NASA’s TDRSS 
relay satellites in geostationary 
orbits.  It is shared with the Earth 
Exploration Satellite Service (EESS), 
which is making increased use 
of it, as are some other scientific 
satellites.  Therefore, it can be 
expected that approval to use this 
band will be difficult to obtain, 
especially for an application that 
will occupy most or all of the band, 
as here.  

In addition to the ITU (a United 
Nations agency), the Space 
Frequency Coordination Group 
(SFCG) attempts to coordinate 
space communication.  It is an 
international association of space 
agencies of which China is a 
member.  

b.  Required bandwidth and 
power

The bandwidth efficiency R/B of a 
data transmission, where B  is the 
bandwidth occupied by the signal 
and R is the data rate, depends 
on the modulation method and 
the application of filters at the 
transmitter.  In general, the higher 
the bandwidth efficiency the 
higher the signal-to-noise ratio at 
the receiver must be to achieve 
a given bit error rate.  Thus low 
bandwidth efficiency is preferred 
because it allows use of lower 
transmitter power and smaller 
antennas.  Band-limited QPSK 
modulation requires the least 
power and typically achieves a 
bandwidth efficiency of about 1.7.  
8PSK (proposed as the baseline for 
this mission) achieves about 2.5, 
so that 1.2 Gb/s would require 480 
MHz of bandwidth and 2.4 Gb/s 
would require 960 MHz.  But 8PSK 
requires about 3 dB more SNR 
than QPSK, leading to twice the 
transmitter power (all else being 
equal).    Higher-order modulation 
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methods such as 16PSK or 16QAM 
achieve higher bandwidth 
efficiency but cost considerably 
more power.

c.  Self-interference

It was reported that the VSOP2 
mission planners considered 
using the 26.5-27 GHz band but 
rejected that idea because of likely 
interference to the sensitive on-
board radio astronomy receiver 
in the 22 GHz band.  It is difficult 
to suppress the sidebands of such 
a transmitter to a sufficiently low 
level at nearby frequencies.

Conclusions

The use of the 25.5-26 GHz band 
may be difficult because of conflict 
with other users and the likelihood 
of self-interference.  The 37-38 GHz 
band can support 1.2 Gb/s using 
QPSK or 8PSK modulation, and 
it can probably support 2.4 Gb/s 
using 8PSK but will also be subject 
to self-interference.

INTERNATIONAL 
COLLABORATIONS
Ground Radio Telescopes

VLBI is unique among space 
astronomy activities insofar as 
it requires the use of multiple 
independently operated global 
ground based antennas, each of 
which has their own competing 
scientific programs, thus 
presenting special challenges 
as well as opportunities for 
international collaboration.  For 
this reason, space-VLBI  is complex 
and needs carefully coordinated 
international collaboration. These 
collaborations were established 
for RadioAstron and VSOP under 
the RadioAstron International 
Science Council (RISC) and VSOP 
International Science Council 

(VISC) respectively.  The Global 
VLBI Working Group (GVWG) 
was established as a joint IAU/
URSI activity to act as an interface 
between the VSOP mission and 
the ground radio telescope 
system.  For RadioAstron the 
ground network has been less 
structured. The Forum discussed 
ways to optimize the ground radio 
telescope support for future space 
VLBI missions, and in particular 
the Chinese two antenna 
mission. It was general agreed 
that the Chinese project team 
should consider establishing an 
international advisory committee, 
analogous to the RISC and VISC to 
advise for overall scientific policy 
and guidelines, and in particular 
the coordination of space and 
ground facilities.

NRAO has collaborated in a number 
of national and international VLBI 
programs including global VLBI, 
the High Sensitivity Array, as well 
as the TDRSS, VSOP, RadioAstron 
space VLBI missions.  Bob Dickman 
described the facilities at NRAO 
which have been used to support 
other space VLBI missions in the 
past and which might be available 
to support the Chinese mission.  
The VLBA provides a wide range 
of ground based spacings while 
the JVLA and GBT provide good 
sensitivity needed considering the 
small size of the space element.  
Recent upgrades to the VLBA 
include the conversion to the all-
digital Mark 5C record system, a 
new DiFX correlation capability 
which could be used for space 
VLBI, increased data rates up to 2 
Gbps, and the ability to observe 
the 6.7 GHz methanol line.  The 
NRAO Central Development 
Laboratory has built LNAs for 
WMAP and RadioAstron as well 
as for a variety of ground based 
telescopes.  The former 140-ft radio 
telescope in Green Bank, has been 
instrumented for Earth station 

support and is now in routine use 
in support of data acquisition from 
RadioAstron.

Earth Stations

One area where international 
collaboration will be particularly 
important is the provision of 
the global distribution of Earth 
stations for tracking and data 
acquisition. For the first generation 
SVLBI missions, Earth stations for 
downlink of the astronomical 
signals and uplink of a timing 
signal were/are very specialized 
and dedicated.  The electronic 
components (front ends, data 
decoders, data recorders, and two-
way timing measurement devices) 
differ considerably from those 
used by other space missions, and 
the desire to observe as much of 
the time as possible precludes 
sharing the stations with 
unrelated missions.   The same is 
likely to be true for the proposed 
Chinese mission.  The situation 
is complicated by the need to 
support two spacecraft.  Within 
China, CAS can possibly support 
four downlink and three up link 
stations.

If observing only a small fraction 
of the time is acceptable, then the 
mission can probably be successful 
with only a few Earth stations, 
perhaps including only stations 
in China.  This is especially true if 
time shifting is used, as discussed 
earlier. Even accepting a low 
observing rate, the scheduling of 
observations so as to obtain good 
(u,v)-plane coverage is difficult; 
coverage by Earth stations is 
only one of many constraints. It 
is therefore valuable to have the 
stations widely distributed so that 
both spacecraft are visible during 
most of the time.  A total of 4 
locations, two in the northern and 
two in the southern hemisphere, 
would be nearly ideal.
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It is difficult to cover the part of the 
orbit near perigee.  Unless there 
are very many Earth stations, there 
is not usually one near the sub-
perigee point; when there is, the 
spacecraft is visible for only a short 
time.  Thus, such passes are not 
very useful for observing.  However, 
they are very useful for tracking 
(orbit determination) because 
two-way Doppler measurements 
made near perigee provide strong 
constraints on the solution.  

This may not be important if an 
on-board GNSS receiver provides 
sufficient accuracy throughout 
the orbit, but this needs further 
study.   If the orbits can be 
arranged to have perigee always 
in the southern hemisphere, then 
perhaps downlink data stations 
in the south are not needed; but 
tracking stations there remain 
desirable.  The possibility of having 
some tracking-only stations, some 
data-only stations, and some that 
do both should be considered. If 
we have at least one location from 
which links can be established to  
SVLBI spacecraft simultaneously, 
and which also contains a large 
ground radio telescope, then we 
have the possibility of creating a 
three-element (and three-baseline) 
connected interferometer (space-
space-ground).  This would be 
accomplished by having a single 
oscillator (H maser) at the station 
provide the timing reference for 
all three telescopes.  For the space 
telescopes, this would involve two-
way radio links.  Then coherence 
time would not be limited by 
the reference oscillator on any 
baseline, not even at the highest 
observing frequency.  

On the space-space baseline, 
where there is no atmosphere, the 
coherence time would in principle 
be unlimited.  The possibility of 
establishing such a station should 
be considered.

DATA 
MANAGENMENT, 
CALIBRATION, 
SOFTWARE & 
ARCHIVING
Data management for a space 
VLBI mission, post-correlation, 
does not appear to be a high-risk 
part of the project. The scale of the 
data products and the calibration 
methods are manageable with 
today’s technologies. For a launch 
date of 2020 there is no reason to 
expect any significant new issues.  
Nevertheless early planning 
for data management will be 
important.

End to End Pipeline

It was agreed that automatic 
end-to-end (e2e) processing can 
made easily available. The only 
technical consideration in this 
case is to ensure the steps in the 
e2e pipeline are robust enough to 
cope with all datasets. Observation 
schedules are likely to be simple 
enough in scope and approach 
to not need to be considered for 
review to ensure a successful e2e 
processing.  This would be a major 
step in enlarging the needed 
community participation and 
support.

Correlator Output

Space VLBI requires finer 
temporal and spectral sampling 
to accommodate the larger 
uncertainties in delay and rate. 
For an orbit error of 100 metres 
the introduced delay is 333 μsec.  
The absolute clock errors would 
be expected to be greater, but 
they change less rapidly with 
time.  This would produce 10 deg 
of phase error, which introduces 
1% coherence loss, with 0.1 MHz 
channels. However with 2cm/s 

acceleration errors at 43-GHz the 
temporal sampling required to 
only introduce a 1% coherence loss 
would need to be 0.01 seconds.  
Therefore the mission should aim 
to have orbit acceleration errors 
on the data exiting the correlator 
of less than 2mm/s and 0.1 second 
averaging. For 5 ground radio 
telescopes there are 10 ground 
baselines  (averaged to 1 sec) 
and 10 ground-to-space and 1 
space-to-space baseline we would 
have 120 baselines-visibilities per 
second.  For 512  bps data sampled 
at 0.1 MHz we would have 5120 
channels per visibility. Each 
visibility we assume is a complex 
single precision value; that is the 
weight and uvw record is common 
to all frequency channels. 

Therefore we can envisage 18 GB 
per hour of data from the space 
VLBI mission. We would expect 
that Chinese mission will have 
higher observing efficiency than 
VSOP or RadioAstron.  Near its 
peak observation, VSOP managed 
about one observation a day 
lasting either about 4 or 10 hours. 
If we assume that the Chinese 
mission will do 50% better than 
that, this gives 320 TB for the total 
correlator output.  Transfer of data 
to scientists or data analysts can 
be  done via an internet-based 
protocol. The use of existing 
archive access tools such as those 
from EVN or VLBA would facilitate 
the data transfer.

Observatory Meta Data

The first stage of analysis is to apply 
the measured a priori information, 
such as the system temperatures, 
weather conditions, etc. For the 
VSOP mission there was a clear 
gap between the quality of the 
meta data provided by VLBA and 
most other observatories. This was 
true even of some well-supported 
institutions. A regular meta data 
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report can be returned to the 
ground observatory to provide the 
information to clear the usually 
trivial blockages and inaccuracies 
in the information flow. 

Calibration and imaging

The database needs to be loaded 
into an astronomical analysis 
package, calibrated and imaged. 
Traditionally this has been AIPS 
but there is no reason to assume 
that this would be so in a 5 year to 
a decade’s time. Nevertheless we 
know AIPS is S-VLBI compatible. 

The next generation of analysis 
packages are described as “3rd 
generation calibration”, allowing 
for direction dependent and 
more time variant and non-
linear calibration corrections. It is 
doubtful that direction dependent 
corrections are required for the 
small Field of View in a space 
VLBI-correlated dataset, but the 
other advances could be applied. 
AIPS does not allow for a direction 
dependent solution nor variable 
polarisation solutions. Currently it 
does contain the only useful data 
fringe finder. However, the AIPS 
fringe finder, FRING, is notorious 
for less than ideal behaviour in the 
poor signal to noise domain.

As part of the RadioAstron project 
the PIMA fringe finder (Petrov 
etal. 2011) developed by Petrov 
and Astrogeo, is being used for 
fringe finding. This is expected to 
be generally available shortly, and 
will be used to detect the fringes 
and generate a calibration table to 
be included into the conventional 
analysis. This will need to be able 
to read data that has existing 
calibrations applied - for example 
Earth Orientation Parameters - 
to be fully functional. Automatic 
fringe solution filtering would be 
one place that would need to be 
studied before any e2e pipeline 

could be introduced. VSOP 
fringes were too weak to trust any 
automatic approach. 

The correlator output should 
be maintained and corrections 
generated for this original 
data. The AIPS approach is to 
generate solutions on the fly from 
tables, where CASA applies the 
corrections to generate a new 
database. The former approach 
allows for solution editing, to 
reject obviously poor solutions 
or manipulate the solutions in 
some manner (smoothing, scaling, 
filtering etc.). Fine interpolation 
schemes (e.g. CL tables in AIPS, 
with more than the standard 
number of entries) will be required 
for the high delay and rates 
that can be expected. Solution 
approaches that use the cubic 
spline interpolation available via 
‘CUBE’ in CLCAL can be followed 
and improved on.

Most VLBI observatories use 
circular polarisations as both the 
ionospheric Faraday rotation and 
the antenna feed rotation then 
becomes a phase change, not a 
delay change. Of course it is easier 
to construct a wide band linear 
feed than a circular feed. Linear to 
circular conversion could be added 
to the correlators, or it can be done 
post correlation as is being done 
for the ALMA Phase Up Project. 
Alternatively a non-linear solution 
could be applied in the analysis 
stage. The feed rotation for the 
spacecraft, which will be none as 
it is held static in an inertial frame, 
are already included in AIPS.  A 
single polarisation calibration term 
(the D-term) for nominally circular 
observations should be acceptable. 
However improved mixed circular 
and linear calibration should be 
made available, to simplify mixed 
observation mode experiments. 

Phase Referencing

Assuming that there are cases when 
conventional phase referencing is 
performed, perhaps with in-beam 
calibrators for the data-stream 
from the spacecraft(s). Therefore 
multiple correlation outputs will be 
needed, one per source.  The finer 
interpolation schemes mentioned 
above will be required for accurate 
phase transfer.

Alternately, one can consider 
frequency phase referencing 
using fast frequency switching 
or simultaneous dual-frequency 
recording. The software must allow 
scaling of the solutions based on 
the frequency, both for transfer 
over short frequency spans (e.g., for 
ionospheric corrections between 
L-band IFs) and large frequency 
spans (for frequency and phase 
transfer in mm-wavelength VLBI). 
Improvements in the handling of 
non-integer frequency ratios in 
solutions with phase wrapping 
will be a requirement. Currently 
these are best handled with scripts 
operating on exported solution 
tables.

Data Archiving

The expected data archive will 
be about 320 TB. Current storage 
solutions as those provided at 
correlator or the observatory 
centres are sufficient.  If an e2e 
pipeline exists, images can also be 
readily provided.
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SUMMARY &
RECOMMENDATION
1) The Forum participants were 
pleased to learn about the 
potential feasibility of a Chinese 
Space VLBI Mission that may 
be supported by the Chinese 
government.  There are many 
young enthusiastic astronomers 
and engineers working on the 
project, as well as interest from 
Chinese industry.  However, there 
is a lack of experience in China so 
international collaboration and 
visiting scientists and engineers 
with experience in Space VLBI will 
be important.

2) Meanwhile, the development 
of the first two-satellite space 
VLBI mission is continuing with 
the goal of a launch around 2020.  
To achieve this goal, the major 
scientific and technical issues 
need to be resolved in time for the 
2015 final review.  International 
partnerships for ground tracking 
stations, ground radio telescopes, 
and design of the instrumentation 
along with scientific collaborations 
are both needed and welcome 

3) Forum participants noted the 
value in establishing an easily 
remembered name for the 
mission. The following names 
were suggested: Mission for 
International Exploration by means 
of Radio space VLBI Astronomy 
(MINERVA), Multi-satellite 
Astronomical Observatory (MAO), 
Astronomical Multi-satellite 
Observatory (AMO), Astronomical 
Multi-satellite Observatory Ultra-
high Resolution (AMOUR), Large 
Observatory VLBI Explorer (LOVE), 
InternationalLarge Observatory 
VLBI Explorer (ILOVE), and Highly 
Elongated Astronomical Radio 
Telescope (HEART). Other names 
suggested included Space 
Millimeter VLBI Array (SMVA), 

Q-band Interferometric Network 
(QIAN), and Chinese High “Angular 
Resolution Telescope (CHART).

4) It is recommended that the 
needed ground based support 
should be organized well in 
advance of the mission with 
agreed terms and conditions for 
the required amount of observing 
time at each facility.  The unique 
capabilities of the FAST-space 
baselines were discussed.  Also, it 
was noted that there are too few 
radio telescopes in the southern 
hemisphere to adequately support 
the mission especially at 7 mm, and 
some thought should be given to 
establish more ground based radio 
telescopes in the south to support 
the space VLBI mission.

5) Exchanges of personnel could 
exploit the extensive global 
experience already achieved in 
space VLBI.

6) It will be important to carefully 
evaluate the proposed orbits 
to minimize the effect of holes 
in the (u,v) plane taking into 
consideration orbital precession 
and the limitations of sun-angle on 
observations.

7) Considering the importance of 
7 mm observations since that will 
give the highest resolution, it will 
be important to carefully evaluate 
the planned mesh surface to 
ascertain that it can achieve the 
needed precision and to consider 
the cost-performance tradeoffs of 
a segmented “solid” surface. 

8) The tradeoffs between increased 
scientific opportunities (e.g., OH 
masers, ISM, Faraday rotation, 
calibration of scattering effects on 
short wavelength observations) 
of adding an L-band capability 
and the impact of this to high 
frequencies the system need to 
be explored.  Possible solutions 

include using a phased array feed 
for the low frequency system.  
Dual frequency feeds on both the 
spacecraft and ground arrays will 
be required if frequency phase 
referencing is desired.

9) Serious consideration should 
be given to a 2.4 Gbps down link 
to enhance continuum sensitivity, 
even if this requires 8PSK 
modulation and higher transmitter 
power.  Consideration of high 
data rate on-board burst mode 
recording and subsequent slower 
data downlink may optimize very 
short wavelength observations 
with limited coherence times.

10) An Earth station with two 
antennas to synchronize the local 
oscillators on the two spacecraft 
as well as a radio telescope all 
coherently connected would offer 
an unprecedented opportunity 
for long integrations between the 
two space baselines unaffected by 
tropospheric fluctuations. 

11) Pointing of the broadband 
communications link needs to be 
independent of the main antenna 
pointing in order to minimize 
operational constraints and 
optimize the observing program 
for the best scientific return.

12) Participants agreed to continue 
to evaluate the scientific drivers 
and technical issues associated 
with the proposed 2-antenna 
space VLBI mission. In particular 
to determine if the scientific goals 
are strong enough to justify the 
cost and effort over the next 5 to 
10 years to realize the project and 
to identify the most challenging 
technical problems and possible 
international collaborations.   
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