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Abstract By sending one or more telescopes into space, Space-VLBLBS\Ms able to achieve even
higher angular resolution and is therefore the trend of th8Mechnique. For the SVLBI program, the
design of satellite orbits plays an important role for thecass of planned observation. In this paper, we
present our orbit optimization scheme, so as to facilita¢ediesign of satellite orbits for SVLBI observation.
To achieve that, we characterize the coverage with a measure index and minimize it by finding oet th
corresponding orbit configuration. In this way, the desifjsadellite orbit is converted to an optimization
problem. We can prove that, with an appropriate global miration method, the best orbit configuration
can be found within the reasonable time. Besides that, weodsirate that this scheme can be used for the
scheduling of SVLBI observations.

Key words: instrumentation: interferometers —techniques: high gargesolution — methods: numerical
— space vehicles: instruments

1 INTRODUCTION was launched in 2011 and worked until 2019. The designed
observation frequencies were 0.3, 1.6, 5, 22 GHz. The orbit

VLBI (Very Long Baseline Interferometry) is the astro- height was 338 000 km, which helped the project achieve

nomical instrument with the highest angular resolutionhe highest angular resolution of [7as at 22 GHz for

and is therefore widely used in the field of astrophysicssy/| B| observationsKardashev et al. 2032
(Event Horizon Telescope Collaboration et al. 20)18s-

trometry Ma etal. 2009 Schuh & Behrend 203)2and ~Several SVLBI projects are under developmen-
deep space exploratiorD(ev etal. 2012 Zhengetal. ¢ N China @Anetal. 2020. Shanghai Astronomical

2014. The resolution of VLBI is proportional to the base- OPservatory (SHAQO) proposed the mission concept of
line length and the observation frequengpémpson etal. SPaceé mm-wavelength VLBI array (SMVA) in 2010s

2009). For ground-based VLBI, the length of a baseline is(H0Ng etal. 2013t With the support of Chinese Academy
limited by the size of the Earth, e.g. the Event Horizon®! SCiences, prototype studies are conducted for the techni
Telescope achieved an angular resolution o8 at cal feasibility of the mission. One of the main achievement

230 GHz with a baseline length comparable to the Earth'S the 10-m space antenna prototypie(g et al. 2014Liu

diameter (Event Horizon Telescope Collaboration 2019).201 :

To achieve even higher angular resolution at the given At present, SHAQ is proposing a new SVLBI project:
frequency, one natural choice is to send one or mor¢ghe Space Low Frequency Radio Observatory. In this
telescopes into space, which is the so called Space-VLBiroject, two satellites each equipped with a 30 meter
(SVLBI; Gurvits 2018. radio telescope will be sent into the Earth elliptical orbit

Japan sent the first VLBI satellte VSOP (VLBI (orbit height 2000 kmx 90000 km). The observation

Space Observatory) into space in 198firébayashi etal. frequencyrangesfrom 30 MHz to 1.7 GHz. Two telescopes
1998 2000. It was equipped with an 8.8 meter parabolawill conduct a collaboration observation with FAST (Five-
antenna and works in 1.6 and 5 GHz. The orbit heightiundred-meter Aperture Spherical radio Telescope), SKA
was 22000 km. The mission came to an end in 2005(Square Kilometer Array) and other ground-based 100 m
Another SVLBI program was RadioAstron by Russia. Itlevel large radio telescopes, so as to achieve both high
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angular resolution and sensitivity. This project is spkecia Orbital | ___ Minimization .

as two satellites dedicated to SVLBI observations make [ 8/éments I

it standout from VSOP and RadioAstron, of which ob2crs | ¢ :

only one satellite is deployed. It is also different from RS Saton ¥
Chang’E missions, for which the orbit is fixed and will positon [oeaae?] UV Index

not be adjusted for SVLBI observations. For the first 3 , .
. . . . e trs2crs | t Side lobes | Ellipticity
time, the project will provide unprecedented flexibility

for the design of the satellite orbit dedicated to VLBI TRS Baseline Synthesized
observations. For VLBI observation, one of the most position e FFT beam

important applications is to obtain the high angularFig.1 Data flow chart of the orbit design and optimization
resolution image of the target (radio imaging). In thisscheme.

process, a goodiw coverage is essential for obtaining
an ideal antenna beam, and finally determines the quality 1hiS Paper is organized as follows: in Secti@n
of the image. However, this is not a trivial task. First We introduce the optimization scheme; in Sect®nve

of all, by looking through literature, one may realize present its application, including the design of orbit and
that there are no commonly accepted rules for thdhe schedule of observation. In Sectidwe discuss the
characterization of a “goodiv coverage that is suitable 'esults and present summary and conclusions.

for radio imaging. Moreover, a satellite orbit is uniquely
described by six orbital elements. Orbit design for two
satellites involves the combination of 12 elements. It is

actually computationally challenging to find out the orbit ., i \vork, we characterize thes coverage with an index
configuration that yields the best “uv” coverage from thes — s(uv). Given a specific time range, thes coverage
large parameter space. is determined by the configuration of the satellite orbit.
The design of the satellite orbit for SVLBI ob- Acc?ordlng 0 t.he clfasspal sate!llte dyna.mlcs, the orbit Of.
. . . . a given celestial object is described by six elements: semi-
servations is somewhat similar to the classical array

configuration problem that has been well studied in the last 30" @XiSa, eccentricitye, inclinations, right ascension
f ascending nod&, argument of periapsis and mean

three decades. Althoughthetrajectoryofaspacetelesco;?e \v at ref e A dinalv. for t
is quite different from that of ground-based telescopes, wénomaly at reference epochiy. Accordingly, for two

can still gain inspiration from previous worKeto (1997 iatellltes :tn tt:e .plc;anned atr)ray there W(Ij" be 12 e'ltfamentt.s.
propose the array shape of a curve with constant width, S aresul, the index can be expressed as an optimization

s ) : .
as to achieve a uniform sampling in tae plane.Boone ﬁ)mctlon of those elements. In this way, the design of

(200 argued that a Gaussian radial and uniform angula?ate"ite orbits is converted to an optimization problem.
distribution in theuwv plane yielded a Gaussian-shaped The data flow of the optimization scheme is demon-

synthesis beam. Therefore, they optimized the array bas;eséiratEd in Figurel. For each given moment of timg

on the discrepancy (the “pressure force”) between théhe telescope position (or state vector) is calculated in

model and the actual coveradg@gan(1997) took another thet_C elgsgal Rdefereﬂr:ce Sbytstle nr (CRf)' IIZ: or satellget,) thlsd
approach by minimizing the side lobeSu et al.(2004 routin€ s based on e orbital elements. For ground-base

optimize the array distribution by taking a ‘“thieving” stations, transformation of station coordinates from TRS

approachKarastergiou et al(200§ characterized thew (Terrestrial Reference System) to CRS is conducted. In

. . . this process, we take into account the Earth’s rotation,
coverage with a single quantity and went through all ) _ )
: . : L precession, nutation and polar motion effect©nce the
possible array configurations to minimize it.

station CRS positions are obtained, we calculate their

In this paper, we try to solve the orbit design projections on theuv plane, and further calculate the
problem by drawing inspiration from previous work and baselineuv. The next step is to characterize the
taking into account the orbit configuration. In short, wecoverage with an index, which is based on the synthesized
characterize the:w coverage with a measure index andbP&am in thg image plane. For radlo_ Imaging, a gm@d _
minimize it by finding out the corresponding satellite orbit COverage yields a smooth synthesized beam, which is
conflgurqtlon. In this way, orbit design is Con\{erted toan 1 s actually the trajectories of satellites and groundiste together
optimization problem. Our work proves that this approachhat determine thew coverage. However, the latter part only depends on
is feasible, the best orbit configuration can be found withirFth's rotation and is fixed at a given time range. The vanaof uy

. . .. . . coverage is determined by orbit configurations.

a reasonable time using the modern global minimization 2 |y, precession, nutation and polar motion matrices redisrés
method. orientation parameters, which are routinely updated bySER

2 THE ORBIT DESIGN AND OPTIMIZATION
SCHEME
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crucial for the quality of the final image. The details on thebe further adjusted to achieve a better optimization result
index calculation are provided in the next section. To thidn the actual application. Our optimization approach is
point, the index is actually a function of satellite orbital similar with Kogan(1997, which adjust antenna positions

elements. Thus, it would be possible to find the best orbito reduce the side lobes. One may find that the sum of

configuration by minimizing the index value.

absolute values correspond to the L1 norm. It is also worth

investigating the L2 norm:

2.1 Characterization of uv Coverage

The key idea of this work is to find a quantity that Hererp, =

characterizes thev coverage appropriately. In our view,
it must fulfill the following requirements:

— Scalar form. Suitable for minimization.
— Accurate. Smaller value yields better coverage.

)

SL2 = WyTL2 + Wee.

(a3 + a3 +a® | +a*,)"/?/ag.

2.2 Constrains of Space-VLBI Observation

The space low frequency array project is still in its
preliminary stage, which gives us a lot of flexibility to

— Easy to calculate. Since the calculation will be yegign the orbit. However, VLBI is a complex technique,

conducted many times when investigating the hug
parameter space, calculation speed is very important

We draw inspiration from previous work. Initially, we
took the idea ofBoone (200]) and used an index to
evaluate the discrepancy between a Gaussian-shaped rad
distribution and actual data. Soon we realized that the _
Gaussian distribution was difficult to achieve for SVLBI
observations of which thev coverage is usually sparse.
Actually this is already pointed out biyarastergiou et al.
(2006 that Boone (2001 scheme is mainly for dense
interferometer. Eventually we decided to characterize the
uwv coverage with the synthesized beam in the image plane.
Although theuwv coverage and the synthesized beam are
mathematically equivalent, the latter one is relativelsiea

to evaluate: an ideal beam should be smooth and round
(less fluctuate and oblate) in shape. We propose a measure
index of the following form:

(1)

Here ri1 (a1 + as + |a_1| + |a_2|)/a0 is the
ratio of side lobes to the main lobe, which measures the
fluctuation of the beam; represents the value of thie

th peak/nadir of the beam pattersy is the main lobe.

a1 and aq are the first and the second side lobes;

and a_, are the first and the second nadirs, which are
negative.e = bmaj/bmin — 1 Measures the ellipticity of
the beamb,,,; andby,i, are the major and minor axis of
the beam, which are derived from the coverage with
TPJ’s algorithm in DIFMAP $hepherd 1997 w,. andw,

are the weights of the two terms. In this work, we set them
to 0.9 and 0.1, respectively. Initially the ellipticity dfie¢
beam is not taken into account. Soon we realize that this
might lead to an extremely oblate beam (large ellipticity).
According to our test, a weight of 0.1 for the ellipticity
term effectively reduces the oblateness of the beam in
the optimization process. We have to point out that our
choice of weights is somewhat arbitrary. Their values could

SL1 = WyTL1 + Wee.

%lacing one or more antennas in the Earth orbit introduces
many extra uncertainties and makes orbit design even more
difficult. As a result, there are still some constraints that
must be taken into account. We list them below and discuss
,}ﬁir influence on orbit design.

Orbit height. According to the preliminary plan, the
VLBI satellite will be sentinto the Earth elliptical orbit
by rocket. In principle, the rocket itself has no special
requirement for the orbit. For VLBI consideration,
the apogee height is set to 90000 km, such that the
baseline length is one order magnitude longer than that
of the ground-based VLBI. Meanwhile, the perigee
height is fixed at 2000 km, so as to guarantee a
data transmission rate of 1.5 Gbps in X or Ka band.
These constraints fix the semi-major axis and the
eccentricity, which reduce the parameters from 12 to
8 and therefore speed up the optimization process.
Observation time. Having the orbit height as men-
tioned above, the corresponding orbit period will
be 33.1 hours. To obtain a goodv coverage,
observations to the target source should cover the
whole elliptical orbit. However, it is not realistic
to require that the observation is continuous in the
whole orbit period. As a result, observations should be
conducted several times when the satellite is located at
different parts of the orbit.

Collaboration with ground-based telescopes. When
conducting VLBI observations, two satellites will
collaborate with the ground-based large telescopes,
so as to achieve both high angular resolution
and sensitivity simultaneously. When simulating
coverage, contributions from ground-ground, space-
ground baselines must be taken into account and will
determine the final beam patterns together with space-
space baselines. As a result, their presence will affect
the selection of orbital elements in the optimization
process.
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Fig. 2 Orbit configurationlgft), uv coveragerfiddlie) and beam pattermight) before optimization. The main lobe of the
beam is shown with a black ellipse. Orbital elements arecesfierandomly by the optimization function. The first and
second peaks and nadirs of the side lobe are marked with blagtkvhite crosses, respectively. Index: 1.718193 (L1),
semi-major axis: 52378.1 km, eccentricity: 0.84, inclioat —21.£/6.3°, right ascension of ascending node: —134-3
129.3, argument of periapsis: —-5£/82.4, mean anomaly: 163°£38.9.
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Fig.3 Orbit configuration lgft), uv coverage fiddle) and beam patterrright) after optimization with the L1 norm.
Descriptions of ellipse and crosses are provided in thei@apif Fig. 2. Index: 0.749449 (L1), semi-major axis:
52378.1 km, eccentricity: 0.84, inclination: 15¥:54.6°, right ascension of ascending node: —4#48.9°, argument

of periapsis: —38.8163.6°, mean anomaly: —-19°5-91.0.
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Fig. 4 Orbit configurationleft), uv coveragetfiddie) and beam pattermight) after optimization with L2 norm. Meanings
of the ellipse and crosses are explained in the caption ofZindex: 0.488062 (L2), semi-major axis: 52378.1 km,
eccentricity: 0.84, inclination: —163/4162.5, right ascension of ascending node: —17/48°, argument of periapsis:
159.3/-167.F, mean anomaly: 153°5-2.1°.

2.3 Implementation of Optimization Scheme means there might be many local minima that must be
avoided when looking for global minima. Optimization

Concerning the complex relationship between satellitgs a large topic in applied mathematics. It is completely

orbit and the corresponding coverage, the optimization not our intention to develop an optimization method from

function cannot be described analytically. Moreover, itscratch for our work. Fortunately, there are many well
is not guaranteed that the function is convex, which
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developed global minimization methods which have beemre sampled every 1 minute. For the beam pattern, the
implemented in Python scipy package. Among them weeell size is set to 0.25 mas, which is around 1/10 of the
choose the “differentia¢volution” method $torn & Price  angular resolution for a 100000 km baseline at 300 MHz.
1997. According to our test, it is able to find out The apogee and perigee heights are set to 90000 km and
the solution (global minimum) within the reasonable 2000 km, respectively. This fixes the semi-major axis and
time(around 15 min for each solution), as we will describethe eccentricity of the orbit. As a result, the optimization
in detail in Section3.1.2 We have to point out that this is conducted in the eight-dimensional parameter space
does not necessarily mean it outperforms other globatomposed of inclination, longitude of ascending node,
optimization methods in the algorithmic level. According argument of Periapsis and mean anomaly of the two
to our analysis, the main reason it converges faster thagatellites. Based on our actual implementation, it takes
other methods is it provides parallel implementation in theabout 15 minutes on 12 workers (processes) in a server

current scipy package. equipped with 4 Intel Xeon E7530 @ 1.87GHz (24
physical cores in total) for each optimization in the paper.
3 APPLICATIONS We have to emphasize that this result strongly depends on

. . L . the hardware platform.
In this section, we present two applications of the opti-

mization scheme: orbit design and observation scheduling, Figures2, 3 and4 demonstrate the orbitu coverage

as described below. and beam pattern before and after optimization. The orbital
elements (solutions) are presented in the caption of the

3.1 Orbital Design correspopding figures. By ob;erving the mair7 Iqbe and the
surrounding region, we may find that the optimized result

3.1.1 Observation setup is much more smooth and less oblate. This is consistent

with our design of the optimization function. The orbit

We set up an observation for the application of the,, o ration selected by the optimization routine yields

orbit design scheme. The assumed observation started e smallest index. We may expect that compared with the
2020_03_11“,)0:00:00 UTC and lasted for 24 hourg. Th%noptimized beam, the optimized Gaussian-shaped beam
target source is M87Rark et al. 201,}) The observ.an.on is more suitable for deconvolution. Also note that the
frequency is setto 3(_)0 MHz. Accordmg tothe prghmmgryminor axis of the beam pattern correspondsto an elongated
plan, two VLBI satellites take partin the gbservatlon. FIVe, ., distribution in the same direction, and vice verse. This
ground-based t.elescopes, the FAST (Flve-hundred-metf\sr consistent with the radio imaging theory: the angular
Ap.ertgre Sphencal radio Telescopéan et al. 20_1)]’ QTT  resolution is proportional to the inverse of the baseline
(QlTa| radio Telescope), Effelsberg 100 m a}dlo telescopqeength 0 ~ \/d). We have to point that although the:

in Germany, GBT.(Green Bank Telescgpe) in US anq th%overage of the optimized orbit is much better than that of
planned SKA-low in Australia take partin the observation.y, o imized, the baseline length of the optimized orbit
FAST co.nducted VI_‘BI observatpns succes;fully with i shorter, which means we obtain a good beam pattern at
TMRT (TianMa Radio Telescope in Shanghai) last yealine expense of lower angular resolution. However, we think

We are eXPeC“”g nj(.)r.e SC|ent|f|c t.)re.ak-through W'th Sthis is worthwhile since a small beam with large fluctuation
extremely high sensitivity. QTT is still in its construatio ;¢ ¢ help for imaging. We have to point out that such

stage, which is promising in conducting coIIaboratedIong baselines might be necessary in some non-imaging
observation in the next 10 years. The minimal E|evat'°rhpplications, e.g., high angular resolution astrometwel
angle is set to 30for FAST, and 18 for other ground- care only about the position and the target is a point source,

based telescopes. Besides that, to avoid radio interferenf(,;1 slightly worse beam pattern is not a problem and can be
from the Earth, we set a minimum separation angleof 5 overcome iu et al. 2019

between the source and the Earth surface at the satellite.
3.1.2 Optimization result 3.1.3 The complex structure of phase space

We use the “differentiaévolution” method provided by Figure 5 presents the snapshots of the optimization
the scipy package to find out the global minimum offunction in the phase space. The purpose of these
the optimization function. The calculation af) coverage snapshots is to demonstrate the complex structures of the
and the localization of the zenith/nadir point of the beamparameter phase space. The eight parameters are tangled
pattern in each set of orbit configuration is a time-together in a highly non-linear way, which makes the
consuming process. To keep a reasonable optimizatidiocalization of the minimum point a difficult task: the
speed, positions of satellites and ground-based telescopglobal optimization method should avoid getting trapped
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Fig.5 Snapshots of the optimization function in the phase spadexivalues at each pixel are calculated by investigating
the two parameters labeled on the top left of the correspgainel while keeping the other six parameters set to the L1
solution (see Fig3 for the value). The pixel size of the four panels is settoWhite cross in each panel labels out the
solution found by the differentiadvolution method.
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Fig.6 The index as a function of observation starting time. Thepéa observation is a 3-hour session for M87. The
thick black line and thin colored lines correspond to thesiend telescope availabilities, respectively.

in the “local minimum”. Our work proves that with an ture VLBI schedule programs for ground-based tele-
appropriate method, the global minimum solution can bescopes, e.g., “Sked”"Gipson 201D and “VieSched++"

found within the reasonable time. (Schartner & Bohm 2019 for geodetic observations,
“Sched® for astrophysical observations. However, the
3.2 Observation Scheduling scheduling of SVLBI observations is still a blank area. For

SVLBI, the position of the VLBI satellite is determined
by the orbit configuration instead of the Earth’s rotation.

. L Lo Besides that, the calculation of telescope availability is
Another possible application of the optimization scheme P vy

is observation scheduling. There are already ma- 2 http://ww:. aoc. nrao. edu/ sof t war e/ sched/

3.2.1 Motivation
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quite different from that of ground-based telescopes. Théaken into account, e.g., angular resolution, sensitieity.
eclipse of the Earth, data storage and many other spaddl of these would contribute to the optimization function
related ingredients must be taken into account. Moreovewith appropriate weights. Besides that, in this work, we
the uv coverage of SVLBI observations is usually poor.only demonstrate the optimization for one source. For an
More attention should be paid to the resulting beam. Allactual scientific project, the optimization function stul

of these make the schedule of SVLBI observations quitde the combination of a list of target sources. As long
different from that of ground-based observations. As aas we have obtained adequate computational resources, it
result, mature schedule methods and programs cannot I not difficult for our scheme to take multiple sources
used directly in SVLBI observations. It is very necessaryinto account. Moreover, for a real satellite, there will be
to develop a new method that takes the features of SVLBUlefinitely more constraints on the orbit configuration, e.qg.

observations into account. orbit height, inclination, etc. Our scheme provides enough
flexibility to include these constraints in the optimizatio
3.2.2 Scheduling result process.

o The design of the satellite orbit for SVLBI observation
We have found t.hgt our character_lzatlon Of_ the g a plank area. We still have a long way to go to obtain a
coverage and optimization scheme is very suitable fOEommonIy accepted “good” orbit configuration. We hope

the schgduling of SVLBI observgtion. For exz_imple, giVenthat our work is helpful for China’s future SVLBI project.
some time for a source, what is the best time range to

conduct the observation? Our answer is the schedulin
can be converted to an optimization problem. This i
demonstrated in Figur6, for a 3-hour observation, the
index that characterizes thev coverage is a function
of observation starting time: the observation yields th
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