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Abstract

The operational period of the first generation of dedicated Space VLBI (SVLBI) missions commenced in 1997 with the launch of the
Japan-led mission VSOP/HALCA and is coming to closure in 2019 with the completion of in-flight operations of the Russia-led mission
RadioAstron. They were preceded by the SVLBI demonstration experiment with the Tracking and Data Relay Satellite System (TDRSS)
in 1986-1988. While the comprehensive lessons learned from the first demonstration experiment and two dedicated SVLBI missions are
still awaiting thorough attention, several preliminary conclusions can be made. This paper addresses some issues of implementation of
these missions as they progressed over four decades from the original SVLBI concepts to the operational status.

© 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

For more than half a century, since its first demonstra-
tions in 1967, Very Long Baseline Interferometry (VLBI)
technique holds the record in sharpness of studying astro-
nomical phenomena. Paradoxically, this record is achieved
in the long-wavelength domain of electro-magnetic spec-
trum (comparing to other bands of spectrum used in
astronomy studies — infrared, optical, ultraviolet, X- and
gamma-ray). This goes against the fundamental physical
dependence defined by diffraction — the longer the wave-
length, the lower the angular resolution for a fixed size of
the receiving aperture. The reason of this apparent incon-
sistency is in the technological difficulties of reaching the
diffraction limit at short wavelengths and high quantum
energies. In contrast, in radio domain, diffraction limit
can be reached by relatively simple technical means.
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Radio astronomy, born in 1933, is one of the pillars of
the modern “all wavelength” astrophysics. During the first
two decades of its development, while offering a new and at
times key vantage point for understanding astrophysical
phenomena, radio astronomy was behind its much older
optical counterpart in terms of angular resolution (‘‘sharp-
ness of vision”) due to the diffraction limit of “‘single dish”
antennas. For centimeter to meter wavelengths, affordable
dishes of tens to a hundred of meters in diameter could
reach angular resolution of tens to single-digit minutes of
arc, far worse than a typical arcsecond angular resolution
of Earth-based optical telescopes (limited by the Earth’s
atmosphere, not even the instrumental diffraction). A con-
cept of interferometers was “imported” into radio astron-
omy from optics in the beginning of the 1950s (e.g.
Burke and Graham-Smith, 2010, Ch. 5). It enabled radio
astronomers to sharpen the angular resolution proportion-
ally to the ratio of the interferometer baseline to the single
dish diameter. Later, in the second half of the 1960s, the
radio interferometers got their ultimate extension to the
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baselines, comparable to the Earth diameter. This was the
beginning of VLBI (Moran et al., 1998), which enabled
radio astronomers to reach record-high angular resolution
of milliarcseconds and even sub-milliarcseconds. The
record in angular resolution is held firmly by VLBI not
only among all astronomical techniques in all domains of
electromagnetic spectrum but arguably among all branches
of experimental science. However, the limit of VLBI
angular resolution defined by the Earth diameter was not
unnoticed. In fact, even before getting first VLBI fringes
in “live” observations in 1967, a manuscript of the paper
by Matveenko et al. (1965) prepared in 1963, in which
the idea of VLBI was presented for the first time, had a
paragraph suggesting a radio telescope on a spacecraft
enabling basclines even longer than the Earth diameter
(G.B. Sholomitsky, 1987; N.S. Kardashev, 1994; L.I
Matveenko, 2012, private communications). Not surpris-
ingly, soon after the demonstration of first VLBI fringes,
a push for baselines longer than the Earth diameter mate-
rialised in a number of design studies of Space VLBI
(SVLBI) systems.

Over the past half a century, several dozens of various
SVLBI concepts have been presented with widely varying
depth of development and level of detalisation. Several of
them reached a pre-design study stage in the 1970s — early
1990s. Among them, the most prominent were the
European-led concept QUASAT (Schilizzi et al., 1984),
the Soviet project KRT-30 as a part of the RACSAS sys-
tem (Kardashev et al. (1980),Sagdeev (1984), Davies
(1997, Ch. 9) and Hendrickx and Vis (2007, Ch. 8)) and
the International VLBI Satellite (IVS) project (Pilbratt,
1991). These studies were not selected by respective space
agencies for implementation, and therefore were not sub-
jected to full engineering analysis and development. How-
ever, they paved the way for the first SVLBI
demonstration in the middle of 1980s (TDRSS Orbital
VLBI experiment, Levy et al., 1986) and two dedicated

SVLBI missions, VSOP/HALCA launched in 1997
(Hirabayshi et al., 1998) and RadioAstron launched in
2011 (Kardashev et al., 2013).

First VLBI “fringes” on baselines longer than the Earth
diameter were obtained with the NASA’s geostationary
spacecraft of the Tracking and Data Relay Satellite System
(TDRSS, shown in the left panel of Fig. 1) in 1986 (Levy
et al., 1986). This was a very efficient example of ad hoc
use of existing orbiting hardware not designed originally
for conducting SVLBI observations. The main outcome
of several TDRSS observing campaigns was twofold. First,
the very concept of getting coherent interferometric
response (the so called interferometric “fringes”) on baseli-
nes longer than the Earth diameter has been proved exper-
imentally. Second, observations of two dozens of strongest
AGN (Active Galactic Nuclei) at 2.3 GHz in 1986-87
(Levy et al., 1989; Linfield et al., 1989), and in a dual-
frequency mode at 2.3 and 15 GHz in 1988 (Linfield
et al., 1990) provided indications that at least some extra-
galactic sources of continuum radio emission were more
compact and therefore brighter than expected. These mile-
stones supported growing momentum for the first genera-
tion of dedicated Space VLBI missions.

At the time of this writing, the first generation
SVLBI era has practically come to the completion. The
VSOP/HALCA operated in orbit in the period 1997-2003.
Its science heritage is summarised in Hirabayashi et al.
(2000), Hirabayashi et al. (2000), Hagiwara et al. (2009,
Parts 3-4). The RadioAstron mission was operational in
the period 2011-2019. Its science outcome is still to be
worked out; some preliminary summaries are presented
in Kardashev et al. (2017) and in the present Special Issue.
A very brief and subjective list of major legacy achieve-
ments of VSOP and RadioAstron missions with associated
references is given in Gurvits (2018). The present paper
does not set out the science results of VSOP and RadioAs-
tron which can be found in the mentioned references;

Fig. 1. Artist’s impressions of: (left panel) Tracking and Data Relay Satellite System (TDRSS) spacecraft, picture credit: NASA; (central panel) Highly
Advanced Laboratory for Communication and Astronomy (HALCA) of the VLBI Space Observatory Program (VSOP), picture credit: JAXA; (right
panel) Spektr-R spacecraft of the RadioAstron mission, picture credit: Lavochkin Scientific and Production Association.
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rather, it presents a brief attempt to summarise experience
and lessons learned from development and in-flight opera-
tions of the first generation Space VLBI missions.

2. Science case of the first generation SVLBI

At the pre-design phase, both VSOP and RadioAstron
projects formulated a range of science tasks, all driven by
the need for improving the angular resolution limited by
the Earth diameter. Arguably, the strongest case dealt with
the necessity of experimental verification of the highest
brightness of synchrotron emission in AGN — the upper
limit of brightness temperature Iz ~ 10" K defined by
the Inverse Compton Scattering (Kellermann and
Pauliny-Toth, 1969) and a stricter upper limit
T ~ 10'%° K defined by the energy equipartition between
electrons and magnetic field (Readhead, 1994). These two
limits are consistent with the canonical model of AGN
radio emission; if they don’t hold, the model is in great
doubts. It is a rather curious case of a “‘cosmic conspiracy”:
our planet is “tuned” in a very special way for tackling the
AGN brightness temperature quest. Brightness tempera-
ture of a source of the flux density S at redshift z slightly
resolved with a synthesised interferometric beam of ellipti-
cal shape with HPBW major and minor axis Opm,j and Opin,
respectively, is given by the following approximation:

2In2 ) 2In2

Tr =
B nk Gmajﬂmin x nk

S(1+z) S(1+4z)B%, (1)
where k is Boltzmann constant and B is a characteristic
baseline of an interferometer. For the longest possible
baseline on Earth of about 10* km and a source of a flux
density 500 mJy at z = 1, the highest brightness tempera-
ture that can be measured directly, not as a lower limit,
as defined by Eq. (1), is about 10" K, exactly coinciding
with the theoretical Inverse Compton limit. Thus, in order
to verify the Inverse Compton limit experimentally one has
to operate with baselines longer than the Earth diameter.

The first generation SVLBI projects aimed at more than
verification of brightness temperature limits of synchrotron
emission in AGN. These included spectral line studies of
masers at 1.35 and 18 cm, investigations of pulsar emission
and impacts of the interstellar medium and interstellar scin-
tillation, as well as other topics. An overview of the VSOP
science case was presented at the International Symposium
held at the Institute of Astronautical and Space Science
(Sagamihara, Japan) in December 1989 (Hirabayashi
et al., 1991). The science case of the RadioAstron evolved
over the long pre-launch history. Its most comprehensive
presentation was published two years prior to the launch
(Kardashev, 2009).

3. Hardware bottlenecks of SVLBI

Space VLBI is no different from “traditional” Earth-
based VLBI systems in terms of principle composition of

instrumentation at each telescope. In the case of a
space-borne radio telescope, its instrumentation must be
space-qualified. It drives up the cost of the telescope hard-
ware. However, it does not pose unsurmountable problems
— provided funding for its development, tests and construc-
tion is sufficient. Nevertheless, three subsystems of SVLBI
are more challenging than others. They define the overall
Technology Readiness Level (TRL) of a concept, and
ultimately — the fate of the mission at the selection stage
as well as its scientific value. These three subsystems are
the main radio telescope antenna, local heterodynes and
VLBI data transport instrumentation.

3.1. Space-borne VLBI antennas

The major critical component of a space-borne
VLBI observatory is the space-borne radio telescope
antenna — its mechanical and electrical subsystems. For
both first generation SVLBI missions VSOP/HALCA and
RadioAstron, the diameter of the main antenna reflector
was essentially defined by the space launcher capability.
In turn, the antenna diameter, about 10 m, was the main
factor in defining the overall sensitivity of the SVLBI
mission. In all VSOP and RadioAstron observations, the
space-borne antenna was the smallest in an array, at least
2.5 times smaller in diameter than the smallest co-
observing Earth-based antenna. Not surprisingly, SVLBI
observations with VSOP and RadioAstron were much less
sensitive than contemporary Earth-based VLBI experi-
ments. Larger apertures of space-borne elements of SVLBI
systems have been considered in the 1980s-90s: QUASAT,
15m, (Schilizzi et al., 1984); IVS, 25m (Pilbratt, 1991);
ARISE, 25-30 m (Ulvestad et al., 1997; Ulvestad, 1999);
KRT-30, 30 m (Kardashev et al., 1980). In the two imple-
mented SVLBI missions as well as in all mentioned concept
studies, the main reflector of the telescope was “pushing”
the launch capability to the limit. It is rather realistic to
expect that new launchers would be able to place on Earth
orbits 30-m-class reflectors in the next several decades.
However, a true breakthrough in constructing large aper-
tures of space-borne radio telescopes would come with
assembling them in orbit. Such the assembly might be
conducted while a radio astronomy spacecraft is docked
temporarily to an orbital station (Gurvits, 2000), Fig. 2.
An ultimate solution for an unlimited size of the space-
borne radio telescope has been suggested four decades
ago, an infinitely expandable aperture in space (Buyakas
et al., 1979) which probably can be referred to in the mod-
ern terminology as a “Square Kilometre Array in Space”.

3.2. Local VLBI heterodynes

Sufficiently stable heterodyning is an indispensable attri-
bute of a VLBI system. In “traditional” VLBI, heterodynes
are fed by local highly stable oscillators (frequency stan-
dards) colocated with telescopes. A rule of thumb for their
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Fig. 2. An artist’s impression of a large radio telescope (diameter 30 m or larger) assembled at a near-Earth orbital station like the International Space
Station (ISS). After completion of assembly and tests, the telescope de-docks from the station and drifts to an operational SVLBI orbit, possibly using low-
thrust jets to lower the acceleration load on a large deployed antenna reflector. Image courtesy Aerospatiale, 1998.

stability requirement is given by the following formula
(Rogers and Moran, 1981):

Vmax ~ [Tay(f)]_la (2)

where vy,x 1s the maximum observing frequency possible
without significant loss of coherency, 7 is integration time
and ai(r) is the two-sample Allan variance representing
the instability of the local oscillator (LO). For a realistic
integration time of 10-100s (essentially determined by
scattering for Earth-based telescopes) at cm wavelengths,
the required stability of the local oscillator defined by the
Eq. (2) is 6,(t) = 3 x 107" This value is well within spec-
ifications of laboratory hydrogen maser (H-maser) oscilla-
tors; most modern Earth-based VLBI telescopes are
equipped with H-masers.

In SVLBI, a stable heterodyning can be provided to a
space-borne radio telescope either by an on-board stable
oscillator or by transferring a sufficiently stable signal from
the Earth-based station via a phase-locked loop (PLL). The
former approach obviously requires a space-qualified local
oscillator device. The RadioAstron spacecraft Spektr-R is
equipped with two on-board H-maser units (Fig. 3), which
are the first active H-maser oscillators flown on a space
science mission. Cheaper and less demanding rubidium fre-
quency standards, although inferior to H-masers in terms
of stability at typical for VLBI integration times, can be
used for lower frequency VLBI experiments, and RadioAs-
tron has one of these too as a part of its science payload.

The PLL option was investigated in details by
Andreyanov (1982) and D’Addario (1991). It was
implemented as a secondary LO system in the RadioAstron
project. VSOP operated with PLL only, as the HALCA
spacecraft was not equipped with a VLBI-qualified
on-board LO.

A convenient measure of coherency in VLBI is a depen-
dence of a signal-to-noise ratio (SNR) of fringe detection

Fig. 3. One of the RadioAstron’s on-board H-maser units undergoing
laboratory tests, Moscow, Astro Space Center of P.N. Lebedev Physical
Institute, July 2008.

on the integration time (Thompson et al. (2017), Sec-
tion 9.5.3, Fig. 9.16). In Earth-based VLBI systems at
cm-dm wavelengths, modern H-masers do not limit
increase of fringe SNR with increasing integration time
to values from ~ 3 x 10° to ~ 3 x 10*s. In practice, the
integration time is reduced by propagation effects in
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ionosphere (at frequencies lower than ~10 GHz) and atmo-
sphere (at frequencies higher than ~20 GHz). As demon-
strated by VSOP, the PLL synchronisation enabled
observations with coherent integration of the order of
300 s (Hirabayashi et al., 2000). In RadioAstron observa-
tions, the same coherent integration has been achieved at
all four observing bands, both using the on-board H-
maser and PLL synchronisation (Likhachev et al., 2017
and Y.Y. Kovalev, 2018, private communication). It has
to be noted that the PLL synchronisation option requires
continuing two-way radio link with spacecraft. Also, it
requires accounting for instrumental delay introduced by
the PLL link while cross-correlating VLBI data streams
from the space-borne and Earth-based telescopes. As
demonstrated by both VSOP and RadioAstron, these com-
plications can be addressed successfully. Thus, one could
conclude that inclusion in the payload of a SVLBI space-
craft operating at centimetre and longer wavelengths such
a complicated and expensive device as a space-qualified
H-maser is unnecessary provided the PLL option can be
used. That said, the presence of the H-maser on board
the RadioAstron spacecraft made it possible to conduct
the ad hoc Gravitational Redshift Experiment (Litvinov
et al., 2018; Nunes et al., 2020). Future advanced SVLBI
systems operating at millimetre and sub-millimetre wave-
lengths (Andrianov et al.,, 2020; Fish et al., 2019;
Kudriashov et al., 2020; Linz et al., 2019; Roelofs et al.,
2019) might require new approaches to space-borne tele-
scope heterodyning.
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3.3. SVLBI data streaming from an orbital telescope to a
correlator

Continuum observations constitute a sizeable if not a
leading part of Space VLBI science case. Given a difficulty
in matching the size of a space-borne antenna to that of
Earth-based telescopes (Section 3.1), and principle limita-
tion of gaining higher sensitivity by decreasing the recei-
ver’s system temperature, the only remaining viable
resource for increasing the baseline sensitivity in SVLBI
is an increase of the recording bandwidth and correspond-
ing digital data rate. In fact, this is the case for Earth-based
VLBI too. For that reason, the data rate in VLBI is
increasing steadily over the entire history of VLBI from
hundreds of kilobits per second in the end of the 1960s
to tens of gigabits per second nowadays (Fig. 4). However,
both first generation SVLBI missions, VSOP and RadioAs-
tron, were limited in VLBI data rate by 128 Mbps, consid-
erably lower than the maximum available data rate of
contemporary Earth-based VLBI systems, especially in
the case of RadioAstron operating in 2011-2019. The rea-
son of this apparent deficiency of SVLBI missions is
twofold.

First, the on-board instrumentation has to be “frozen”
many years before launch. For both VSOP and RadioAs-
tron, the specification of the data downlink systems has
been formulated at about 1990, when the aggregate data
rate of 128 Mbps was near the state-of-the-art for Earth-
based systems too. It was considered to be too risky to
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Fig. 4. The rate of VLBI data streams per telescope as a function of time over the 50-year history of VLBI. The points and corresponding labels (Mark 1,
Mark 2, etc.) indicate various VLBI data recording systems. VSOP and RadioAstron markers are added by the author to the plot kindly provided by Alan

Whitney (Haystack Observatory), 2015.
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design a space-borne radio telescope with a much higher
data rate without a ground-proof in Earth-based VLBI.

The second reason was more serious. VLBI data of a
space-borne telescope cannot be recorded and stored on
board the spacecraft due to a too large volume of data
and inability to deliver this volume to the ground other
than via wide-band downlink. The data must be down-
loaded in real time. Getting a stream of 128 Mbps from
an orbit tens of thousands km above Earth was a challeng-
ing task in the 1990s. Even today, almost thirty years later,
this is still a non-trivial task requiring dedicated Space
VLBI data acquisition stations distributed over the entire
range of longitudes as uniformly as possible. There were
five dedicated stations supporting VSOP: one JAXA sta-
tion in Usuda, Japan; three NASA stations in Robledo
(Spain), Goldstone (CA, USA) and Tidbinbilla (Australia);
and one NRAO station in Green Bank (WVA, USA).
RadioAstron operates with two data acquisition stations:
Pushchino (Moscow region, Russia) and Green Bank
(WVA, USA). In order to accommodate the data stream
of 128 Mbps, an unusual for space science applications
radio band at about 15 GHz, otherwise designated for
remote sensing applications, has been chosen. Finding a
wide enough data downlink band in the strictly regulated
electromagnetic spectrum was a problem at the dawn of
the SVLBI era. It remains to be a serious technological
challenge for a foreseeable future.

Allin all, SVLBI data downlink and logistics proved to be
a challenging task, somehow resolved in the first generation
missions. But for any further steps in SVLBI, whether it
employs Space-Earth baselines or Space-Space ones, the
complexity of data management should not be underesti-
mated. It is this system that de facto limited the sensitivity
of both VSOP and RadioAstron in continuum observations.

3.4. The first generation SVLBI major specifications and the
way forward

The first generation SVLBI mission were pushing the
envelope of relevant contemporary technologies. Not sur-
prisingly, due to the global character of SVLBI, their major
parameters were rather similar (Table 1). That said,
originally there was an important difference: the VSOP
project was conceived as an engineering mission Muses-B

Table 1

aimed at “live” verification of technical solutions of large
space-borne deployable antennas and wide-band radio
links (Nishimura et al., 1991; Hirosawa et al., 1991).
Besides, it served as a payload for the first (de facto — test)
flight of the Japanese launcher M-V. The RadioAstron
project was adopted for implementation as a science mis-
sion right from the beginning (Andreyanov et al., 1979;
Andreyanov and Kardashev, 1981; Sagdeev, 1984). How-
ever, in the first half of the 1990s, both projects have been
“synchronised” as much as possible. At some point, it was
expected that both missions would operate simultaneously.
This resulted in standardising the SVLBI data format and
wide-band downlink communication radio system at Ku-
band (near 15 GHz). Moreover, all five Earth-based VSOP
data acquisition stations were designed to be compatible
with the RadioAstron radio link system and were expected
to work within the RadioAstron mission too. All that
explains obvious similarity of the major parameters of
the two implemented missions. Nevertheless, RadioAstron,
launched fourteen years later than VSOP, featured a wider
set of observing bands, the dual-polarisation capability,
and a choice of different heterodyning schemes.

The right column of Table 1 contains the parameters of
the ARISE design study as an illustration of the vector of
SVLBI developments as seen around the turn of the cen-
tury. This study was one of several most advanced attempts
to get off the ground a second-generation SVLBI mission.
ARISE aimed at increasing SVLBI baseline sensitivity by
a factor of ~ 100 using a ~ 2.5 times larger primary reflec-
tor, 64 times higher aggregate data rate and additional
enhancement by using phase-referencing technique (effec-
tively — increasing the integration time). The latter is a very
valuable enhancement of the science efficiency of the mis-
sion: not only it would improve the detectability of weak
“fringes”, but would also make possible astrometric obser-
vations — something highly desirable but hardly possible
with the first generation SVLBI (Porcas et al., 2000). How-
ever, this enhancement does not come for free as it results
in a significant complication and increased load on the
spacecraft attitude control system.

It is worth noticing that the drive toward higher angular
resolution in the ARISE second generation SVLBI mission
was to be addressed by a shift toward higher frequencies (up
to 87 GHz) but with a moderate orbit apogee of about

Major specifications of the two first-generation SVLBI missions, VSOP (Hirabayshi et al., 1998) (column 2) and RadioAstron (Kardashev et al., 2013)
(column 3), and an example of a prospective SVLBI mission ARISE Ulvestad et al. (1997, 1999) (column 4).

Mission VSOP RadioAstron ARISE
Aperture diameter [m] 8 10 25
Observing bands [GHz] 1.6, 5 0.327, 1.6, 5, 22 8, 22, 43, 87
On-board heterodyning PLL H-maser, Rb and PLL PLL
Polarisation LCP LCP & RCP LCP & RCP
Data rate [Gbps] 0.128 0.128 8

Apogee height [km] 22,000 350,000 40,000
Phase-referencing No No Yes

Highest resolution [uas] 300 7 25
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40,000 km, only twice longer than that of VSOP and an
order of magnitude smaller than that of RadioAstron. This
choice was driven by a desire to get a (u, v)-coverage suitable
for high-fidelity imaging in observations lasting 24 h or less.
The most challenging parameter of the exemplary sec-
ond generation mission was the aggregate data rate,
8 Gbps. At the time of this writing, twenty years after the
ARISE pre-design study, the sustainable data rate in
Earth-based VLBI operations is still four times lower.
The Event Horizon Telescope (EHT) is operating with
the aggregate data rate of 64 Gbps (EHT collaboration,
private communication, 2019). But this is obviously an
Earth-based system without real-time transmission of data
at that speed. Hopefully, by the time of the implementation
of the second generation SVLBI mission, the choice of the
data rate will be made in accordance with the contempo-
rary Earth-based bench-mark and accounting for the
“freezing” delay described above in Section 3.3.

4. Conclusions and forward look

The first generation SVLBI missions proved the concept
of ultra-high angular resolution with baselines longer than
the Earth diameter. Further steps in developments of
space-borne radio astronomy, and SVLBI in particular,
are inevitable. These developments will have to address
several shortcomings of the first generation SVLBI. In
cm-dm spectrum domain, the first and foremost is the need
to improve the baseline sensitivity. The goal must be to
make baselines to a space-borne telescope as sensitive as
those for typical Earth-based VLBI systems — if not better.
This is to be the case for both Space-Earth as well as Space-
Space baselines. There are two ways of achieving this goal:
increase of the telescope diameters from the already
demonstrated values of ~ 10m and more than 10-fold
increase of the VLBI data rate. Both remedies can work
for continuum observations, but the latter one has only
limited applicability for spectral line observations (only
via more sensitive phase-referencing to a continuum near-
by calibrator source). There is also a limitation to the appli-
cability of the increased data rate to VLBI observations at
frequencies lower than ~ 1 GHz due to the limitation of
the available bandwidth.

Functional operational constraints of globally dis-
tributed SVLBI systems should not be underestimated.
For both VSOP and RadioAstron there were attempts to
evaluate and minimise the impact on the mission opera-
tions such the factors as space-borne attitude limitations,
accessibility of Earth-based data acquisition stations,
availability of co-observing Earth-based radio telescopes.
These efforts were only partially successful: for both mis-
sions, but especially for RadioAstron, the actual functional
constraints (e.g., thermal conditions of the on-board radio
link devices) made significant impact beyond expectations
thus limiting the overall time-efficiency of science. This is,
perhaps, a trivial conclusion, yet very relevant for such
the diverse and complicated tool as SVLBI: a system

approach for its design should be exercised right from the
beginning of its development.

Over the past nearly forty years, the main attention in
developing SVLBI concepts was given to ‘‘traditional”
for Earth-based VLBI frequency bands from 0.3 to
43 GHz. Besides mentioned above enhancements in sensi-
tivity, a truly new quality for these meter to “‘several mil-
limeter” wavelengths SVLBI systems could be achieved
by multi-spacecraft systems employing Space-Space base-
lines. The advantage of such the systems have been at the
center of attention in such the studies as iARISE
(Murphy et al., 2005), the Chinese SVLBI project studies
at millimeter (Hong et al., 2013) and longer wavelength
(An et al., 2018; An et al., 2019) domains. Such the SVLBI
systems operating without Earth-based telescopes might
offer three new attractive features: (i) they do not suffer
the impact of atmosphere or ionosphere scattering; (ii) in
principle, depending on the orientation of space-borne tele-
scopes’ orbits, they can achieve longer baselines and faster
(u,v)-coverage, and (iii) they are free of Earth horizon vis-
ibility limitations of Earth-based telescopes.

Space VLBI tends to broaden the range of operational
frequencies in both directions, to millimeter and decameter
(and longer) wavelengths.

Earth-based VLBI observations at millimeter wave-
lengths are becoming increasingly difficult as frequencies
reach 300 GHz and higher values. At present, the Global
mm-VLBI Array (GMVA)' and Event Horizon Telescope
(EHT)? operate at short millimeter wavelengths and
attempt to venture into sub-millimeter domain. The main
difficulties of these activities are scattering and absorption
in the Earth atmosphere. Space-borne interferometers are
free from these problems. Several pre-design studies
addressed mm-SVLBI issues over the past two decades:
ARISE (Ulvestad, 2000), VSOP-2 (Hagiwara et al., 2009)
(Part 2) and Millimetron (Kardashev et al., 2014). The cur-
rent Special Issue presents the current status of Millimetron
(Andrianov et al., 2020) and several new concepts (Fish
et al., 2019; Linz et al., 2019; Kudriashov et al., 2020).
All these concepts face many engineering challenges. But
overall progress of space technology and other relevant
developments in science instrumentation will steadily move
them toward acceptable for implementation Technology
Readiness Level (TRL) grades.

At the opposite end of the electromagnetic spectrum,
long and ultra-long wavelengths (ULW), the major enemy
of Earth-based radio astronomy (and radio interferometry
as well) is the Earth ionosphere, which is practically opa-
que at frequencies lower than ~ 15 MHz (wavelengths
longer than ~ 20 m). For that reason, the ULW spectral
domain is the last unexplored region of cosmic electromag-
netic emission. In order to open up this last hitherto closed
window into the electromagnetic Universe, the telescopes

' https://www3.mpifr-bonn.mpg.de/div/vlbi/globalmm/ (accessed
15.02.2019).
2 https://eventhorizontelescope.org (accessed 15.02.2019).
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must be placed above ionosphere. In the recent years sev-
eral attempts to create ULW facilities intensified. An
important role in these studies play the Moon as a natural
shield from anthropogenic radio frequency interference
(RFT). It is expected that the first demonstration of ULW
VLBI will be attempted in 2019 in the framework of the
Chinese-Dutch experiment NCLE aboard the Chinese
Lunar mission Chang’E-4 (Jia et al., 2018). Several other
ULW VLBI initiatives and projects are under development
with the aim of becoming operational in the coming decade
(Boonstra et al. (2016); Belov et al. (2018); Bentum et al.
(2019) and references therein).

Acknowledgements

All three implemented to date Space VLBI systems were
massive undertakings involving hundreds of engineers and
scientists. But in each case, several leaders played the
decisive role: Gerry Levy (TDRSS Orbital VLBI
demonstration), Hisashi Hirabayashi and Haruto
Hirosawa (VSOP-HALCA), Nikolai Kardashev and
Vladimir Andreyanov (RadioAstron). The author is
grateful to many colleagues involved in the VSOP and
RadioAstron missions with whom he has been privileged
to work for several decades. The TDRSS OVLBI experiment
was led by the NASA JPL with key contribution by the
TDRSS organisation. The VSOP Project was led by the
Institute of Space and Astronautical Science of the Japan
Aerospace Exploration Agency, in cooperation with many
organisations and radio telescopes around the world. The
RadioAstron project is led by the Astro Space Center of
the Lebedev Physical Institute of the Russian Academy of
Sciences and the Lavochkin Scientific and Production Asso-
ciation under a contract with the State Space Corporation
Roscosmos, in collaboration with partner organisations in
Russia and other countries. The author is grateful to Sandor
Frey for careful reading of the manuscript and anonymous
referees for useful comments and suggestions.

References

An, T., Jaiswal, S., Mohan, P., et al., 2018. A Cosmic Microscope to
Probe the Universe From Present to Cosmic Dawn — Dual-Element
Low-Frequency Space VLBI Observatory, Chin. J. Space Sci. Avail-
able from: arXiv:1808.10636 (submitted for publication).

An, T., Hong, X., Zheng, W., et al., 2019. Progress and Perspective of
Space VLBI in China. Available from: arXiv:1901.07796 (this issue).

Andreyanov, V.V., 1982. Minimisation of phase errors in a space-Earth
interferometer with coherent radio link between telescopes. Moscow:
Preprint IKI AS USSR No. 718 (in Russian).

Andreyanov, V.V., Kardashev, N.S., Pogrebenko, S.V., 1979, The
Radioastron project: initial specifications. Moscow: Preprint IKI AS
USSR No. 64 (in Russian).

Andreyanov, V.V., Kardashev, N.S., 1981. A Project of a ground-space
interferometer. Kosmich. Issledov. 19 (5), 763-772 (in Russian).

Andrianov, A.S., Rudnitskiy, A.G., Roelofs, F., et al., 2020, Simulations
of high resolution dynamic observation with the millimetron space
mission of the event horizon shadows of M87 and Sgr A. Adv. Space
Res.

Belov, K., Branch, A., Broschart, S., et al., 2018. A space-based
decametric wavelength radio telescope concept. Exp. Astron. 46,
241-284.

Bentum, M.K., Verma, M.K., Rajan, R.T., et al., 2019. A roadmap
towards a space-based radio telescope for low frequency radio
astronomy. Adv. Space Res. (this issue).

Boonstra, A.-J., Garrett, M.A., Kruithof, G., et al., 2016. Discovering the
sky at the longest wavelengths (DSL). IEEE Conference Publications.
doi:10.1109/AER0.2016.7500678.

Burke, B.F., Graham-Smith, F., 2010. An Introduction to Radio
Astronomy, third ed. Cambridge University Press, Cambridge.

Buyakas, V.I., Danilov, Yu.l., Dolgopolov, G.A., et al, 1979. An
infinitely expandable space radio telescope. In: Billingham, J., Pesek,
R. (Eds.), Communication with Extraterrestrial Intelligence. Elsevier,
Amsterdam, pp. 175-201 (Originally published in Kosmicheskie
issledovanija 16(5), 773, 1978, and 16(6), 921, 1978).

D’Addario, L.R., 1991. Time synchronization in orbiting VLBI. IEEE
Trans. Instrum. Meas. 40 (3), 584-590.

Davies, J.K., 1997. Astronomy from Space. The design and Operation of
Orbiting Observatories. John Wiley & Sons, Chichester.

Fish, V.L., Shea, M., Akiyama, K. 2019, Imaging Black Holes and Jets
with Space-Based Telescopes, Advances in Space Research, this issue.

Gurvits, L.I., 2000. A concept of the second generation Space VLBI
mission. Adv. Space Res. 26 (4), 739-742.

Gurvits, L.I., 2018. Radio interferometers larger than earth: lessons
learned and forward look of space VLBI. In: Proc. of IAC. IAC-18-A
7.2.8.

Hagiwara, Y., Fomalont, E.B., Tsuboi, M., Murata, Y. (Eds.) 2009.
VSOP-2 Overview, in approaching micro-arcsecond resolution with
VSOP-2: astrophysics and technology. In: Hagiwara, Y., Fomalont,
E., Tsuboi, M., Murata, Y. (Eds.), ASP Conf. Ser. 402, San-Francisco:
ASP, pp. 25-88.

Hendrickx, B., Vis, B., 2007. Energiya-Buran. The Soviet Space Shuttle.
Springer-Praxis, Chichester.

Hirabayashi, H., Inoue, M., Kobayashi, H. (Eds.) 1991. Frontiers of
VLBI. Universal Acad. Press, Tokyo.

Hirabayshi, H., Hirosawa, H., Kobayashi, H., et al., 1998. Overview and
initial results of the very long baseline interferometry space observa-
tory programme. Science 281 (4773), 1825-1829.

Hirabayashi, H., Hirosawa, H., Kobayashi, H., et al., 2000. The VLBI
space observatory programme and the radio-astronomical satellite
HALCA. Publ. Astr. Soc. Japan 52, 955-965.

Hirabayashi, H., Edwards, P.G., Murphy, D.W. (Eds.) 2000b. Astro-
physical phenomena revealed by space VLBI. Institute of Space and
Astronautical Science, Sagamihara. ISBN4-9980848-0-1 C3444.

Hirabayashi, H., Preston, R.A., Gurvits, L.I. (Eds.) 2000. VSOP results
and the future of space VLBI. Adv. Space Res. 26.

Hirosawa, H., 1991. VSOP satellite system overview. In: Hirabayashi, H.,
Inoue, M., Kobayashi, H. (Eds.), Frontiers of VLBI. Universal Acad.
Press, Tokyo, pp. 21-25.

Hong, X., Shen, Z., An, T., et al., 2013. The Chinese space millimeter-
wavelength VLBI array — a step toward imaging the most compact
astronomical objects. Acta Astron. 102, 217-225.

Jia, Y., Zou, Y., Ping, J., Xue, Ch., Yan, J., Ning, Y., 2018. The scientific
objectives and payloads of Chang’E-4 mission. Planet. Space Sci. 162,
207-215.

Kardashev, N.S., 2009. Radioastron: a radio telescope many times the size
of Earth. Research program. Phys.-Uspekhi 52, 1127-1137.

Kardashev, N.S., Pogrebenko, S.V., Tsarevskii, G.S., 1980. Aperture
synthesis using a radio telescope in Space. Sov. Astron. 24 (3), 366
373.

Kardashev, N.S., Khartov, V.V., Abramov, V.V. et al., 2013.
“RadioAstron” — A telescope with a size of 300,000 km: main
parameters and first observational results. Astron. Rep. 57, 153-194.

Kardashev, N.S., Kovalev, Y.Y., 2017. New RadioAstron results. In:
Zelenyi, L.M. (Ed.), Sputnik: 60 Years Along the Path of Discoveries.
Space Research Institute, Moscow, pp. 234-245.


http://refhub.elsevier.com/S0273-1177(19)30388-6/h0025
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0025
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0035
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0035
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0035
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0050
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0050
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0060
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0060
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0065
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0065
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0075
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0075
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0090
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0090
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0100
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0100
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0100
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0105
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0105
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0105
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0120
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0120
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0120
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0130
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0130
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0130
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0135
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0135
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0140
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0140
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0140
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0145
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0145
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0145
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0145
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0145
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0150
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0150
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0150

876 L.I Gurvits! Advances in Space Research 65 (2020) 868-876

Kardashev, N.S., Novikov, I.D., Lukash, V.N., et al., 2014. Review of
scientific topics for the Millimetron space observatory. Phys.-Uspekhi
57, 1199-1228.

Kellermann, K.I., Pauliny-Toth, I.I.LK., 1969. The spectra of opaque radio
sources. ApJ. Lett. 155, L71-L78.

Kudriashov, V., Martin-Neira, M., Roelofs, F., et al., 2020. Imaging black
hole shadows from space: system design for interferometry from
medium earth orbits. Adv. Space Res. 65(2), 821-830.

Levy, G.S., Linfield, R.P., Ulvestad, J.S., et al., 1986. Very long baseline
interferometric observations made with an orbiting radio telescope.
Science 234 (4773), 187-189.

Levy, G.S., Linfield, R.P., Edwards, C.D., et al., 1989. VLBI using a
telescope in Earth orbit. I. Observations. ApJ 336, 1098-1104.

Likhachev, S.F., Kostenko, V.I., Girin, I.LA., et al., 2017. Software
correlator for RadioAstron mission. J. Astron. Instrum. 6 (3),
1750004.

Linfield, R.P., Levy, G.S., Ulvestad, J.S., et al., 1989. VLBI using a
telescope in Earth orbit. II. Brightness temperatures exceeding the
inverse Compton limit. ApJ 336, 1105-1112.

Linfield, R.P., Levy, G.S., Edwards, C.D., et al., 1990. 15 GHz Space
VLBI observations using an antenna on a TDRSS satellite. ApJ 358,
350-358.

Linz, H., Bhatia, D., Buinhas, L., et al., 2019. InfraRed Astronomy
Satellite Swarm Interferometry (IRASSI): overview and study results.
Adv. Space Res. (this issue).

Litvinov, D.A., Rudenko, V.N., Alakoz, A.V., et al., 2018. Probing the
gravitational redshift with an Earth-orbiting satellite. Phys. Lett. A
382, 2192-2198.

Matveenko, L.I., Kardashev, N.S., Sholomitsky, G.B., 1965. On radio
interferometer with a large base. Radiophysics 8 (4), 651-654 (in
Russian).

Moran, J.M., 1998. Thirty years of VLBI: early days, successes, and
future. In: Zensus, J.A., Taylor, G.B., Wrobel, J.M. (Eds.), Radio
Emission from Galactic and Extragalactic Compact Sources, ASP
Conference Ser., vol. 144. ASP, San-Francisco, pp. 1-10.

Murphy, D.W., Preston, R.A., Fomalont, E.B., et al., 2005. iARISE: a
next-generation two-spacecraft space VLBI mission concept. In:
Romney, J.D., Reid, M.J. (Eds.), Future Directions in High Resolu-

tion Astronomy: The 10th Anniversary of the VLBA, ASP Conference
Ser., vol. 340. ASP, San-Francisco, pp. 575-577.

Nishimura, T., 1991. Overview of VSOP mission. In: Hirabayashi, H.,
Inoue, M., Kobayashi, H. (Eds.), Frontiers of VLBI. Universal Acad.
Press, Tokyo, pp. 3-5.

Nunes, N.V., Bartel, N., Bietenholz, M.F., et al., 2020. The gravitational
redshift monitored with RadioAstron from near Earth up to 350,000
km. Adv. Space Res. 65(2), 790-797.

Pilbratt, G., 1991. IVS — a second generation space VLBI mission, radio
interferometry: theory, techniques and applications. In: Cornwell, T.J.,
Perley, R.A. (Eds.), IAUC 131, ASP Conf. Ser., vol. 19. ASP, San-
Francisco, pp. 102-106.

Porcas, R.W., Rioja, M.J., Machalski, J., Hirabayashi, H., 2000. Phase-
reference observations with VSOP. In: Hirabayashi, H., Edwards, P.
G., Murphy, D.W. (Eds.), Astrophysical Phenomena Revealed by
Space VLBI. ISAS, Sagamihara, pp. 245-252.

Readhead, A.C.S., 1994. Equipartition brightness temperature and the
inverse Compton catastrophe. ApJ 426, 51-59.

Roelofs, F., Falcke, H., Brinkerink, C., et al., 2019. Simulations of
imaging the event horizon of Sagittarius A* from space. Astron.
Astrophys. Available from: arXiv:1904.04934 (in press).

Rogers, A.E.E., Moran, J.M., 1981. Coherence limits for very long
baseline interferometry. IEEE Trans. Instrum. Meas. 30 (4), 283-286.

Sagdeev, R.Z., 1984. Some prospects of space VLBI. In: Quasar — A VLBI
Observatory in Space, ESA SP-213. Noordwijk, ESTEC, pp. 19-21.

Schilizzi, R.T., Burke, B.F., Booth, R.S., et al., 1984. The QUASAT project.
In: Fanti, R. et al. (Eds.), VLBI and Compact Radio Sources, IAU
Symposium 110. Cambridge University Press, Cambridge, pp. 407-414.

Thompson, A.R., Moran, J.M., Swenson Jr., G.W., 2017. Interferometry
and Synthesis in Radio Astronomy, third ed. Springer Open, Cham.

Ulvestad, J.S., 1999. Goals of the ARISE space VLBI mission. New
Astron. Rev. 43 (8-10), 531-534.

Ulvestad, J.S., 2000. The ARISE: space VLBI mission. Adv. Space Res.
26, 735-738.

Ulvestad, J.S., Gurvits, L.I., Linfield, R.P., 1997. A high-sensitivity second
generation space VLBI mission. In: Jackson, N., Davis, R.J. (Eds.),
High-Sensitivity Radio Astronomy. Cambridge University Press,
Cambridge, pp. 252-255.


http://refhub.elsevier.com/S0273-1177(19)30388-6/h0155
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0155
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0155
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0160
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0160
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0170
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0170
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0170
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0175
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0175
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0180
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0180
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0180
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0185
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0185
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0185
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0190
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0190
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0190
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0200
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0200
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0200
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0205
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0205
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0205
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0220
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0220
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0220
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0235
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0235
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0235
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0235
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0240
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0240
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0250
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0250
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0255
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0255
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0260
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0260
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0260
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0265
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0265
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0270
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0270
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0275
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0275
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0280
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0280
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0280
http://refhub.elsevier.com/S0273-1177(19)30388-6/h0280

	Space VLBI: from first ideas to operational missions
	1 Introduction
	2 Science case of the first generation SVLBI
	3 Hardware bottlenecks of SVLBI
	3.1 Space-borne VLBI antennas
	3.2 Local VLBI heterodynes
	3.3 SVLBI data streaming from an orbital telescope to a correlator
	3.4 The first generation SVLBI major specifications and the way forward

	4 Conclusions and forward look
	Acknowledgements
	References


