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In this paper, we discuss the characteristics and operation of Astro Space Center (ASC) software FX
correlator that is an important component of space—ground interferometer for Radioastron project. This
project performs joint observations of compact radio sources using 10m space radio telescope (SRT)
together with ground radio telescopes at 92, 18, 6 and 1.3 cm wavelengths. In this paper, we describe the
main features of space—ground VLBI data processing of Radioastron project using ASC correlator. Quality
of implemented fringe search procedure provides positive results without significant losses in correlated
amplitude. ASC Correlator has a computational power close to real time operation. The correlator has a
number of processing modes: “Continuum”, “Spectral Line”, “Pulsars”, “Giant Pulses”,“Coherent”.
Special attention is paid to peculiarities of Radioastron space—ground VLBI data processing. The algo-
rithms of time delay and delay rate calculation are also discussed, which is a matter of principle for data
correlation of space—ground interferometers. During five years of Radioastron SRT successful operation,
ASC correlator showed high potential of satisfying steady growing needs of current and future ground and
space VLBI science. Results of ASC software correlator operation are demonstrated.
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1. Introduction

Very Long Baseline Interferometry (VLBI) allows
to reach the highest angular resolution available in
radio astronomy for detailed study of the most
distant objects in the Universe. Targets of interest
include active galactic nuclei (AGN), radio galaxies,
masers and pulsars. Studying radio emission from
these objects with high angular resolution provide
unique insight into the physics of these objects.
For general overview of VLBI development and
historical evolution of radio interferometry, see
Thompson et al. (2001).

Introduction of space element in VLBI extends
the potential of this method. Space radio telescope
(SRT) operating in elliptical orbit around the Earth
observe the same source as ground radio telescopes.
As aresult, the synthesized aperture has a size much
larger than the Earth diameter enabling to obtain
images of the most compact sources with very high
angular resolution (up to a few microarcseconds).

The first VLBI experiments using space tele-
scope were conducted from 1986 to 1988 with a
4.9-m antenna onboard of a geostationary satel-
lite (Levy et al., 1986; Linfield et al., 1990), which

1750004-1


http://dx.doi.org/10.1142/S2251171717500040

S. F. Likhachev et al.

was a part of NASA Tracking and Data Relay
Satellite System. Successful observations were car-
ried out at frequencies of 2.3 and 15 GHz, demon-
strating the possibilities of space—ground VLBI. It
was shown that nonstandard VLBI procedures were
necessary to obtain an adequate phase stability and
to correlate the data (Levy et al., 1989).

This experience was used in Highly Advanced
Laboratory for Communications and Astronomy
(HALCA) space satellite of VLBI Space Observatory
Program (VSOP) (Hirabayashi et al., 1998;
Hirosawa and Hirabayashi, 1995). HALCA was de-
veloped by Japanese Institute of Space and Astro-
nautical Science (ISAS). The satellite was launched
in February 1997 and had an 8-m onboard radio
telescope that operated together with ground tele-
scopes to obtain images of radio sources at 1.6 and
5 GHz. The following correlators were used to pro-
cess the data of VSOP mission: VSOP Correlator at
Mitaka, VLBA at Socorro and S2 at Penticton.

Space—ground interferometer implemented in
Radioastron mission (Kardashev, 2009; Kardashev
et al., 2013) is aimed to study physical parameters
and angular structure of galactic and extra galactic
radio sources using VLBI techniques. The main
component of Radioastron mission is the space
satellite “Spektr-R” operating in elliptical orbit
around the Earth. Short description of the space
radio telescope is given in Sec. 2.

In 2007-2009, a software FX correlator was
developed in Astro Space Center of Lebedev Phys-
ical Institute of Russian Academy of Sciences (ASC
LPI) in order to support data processing of Radio-
astron mission. It was tested using the data
obtained from ground interferometers. Results of
ASC correlator tests showed that they are similar to
DiFX correlator — a software correlator that is used
by many VLBI arrays including VLBA, EVN,
etc. (Deller et al., 2011). New correlation modes for
space—ground interferometer data were added in
2010 and first implemented in November 2011, four
months later after the launch of “Spektr-R” space
satellite.

Fundamentals and specific features of VLBI
data processing for space—ground interferometry are
described in Sec. 3.

The main task of a correlator is to perform a
coherent digital combination of independently
received signals from a pair of interferometer
antennas. Correlator output consists of complex
visibilities calculated for each baseline. Complex

visibilities represent spatial spectral components of
the source brightness distribution.

For Radioastron mission a hardware correlator
(e.g. VSOP hardware correlator) was not consid-
ered, because the software correlator is more flexible
and adjustable during the operation. It has a simple
interface and architecture that allows to perform
the correlation of different data formats, using the
new models of geometric delay and changing cor-
relation mode. During the first two years of the
mission operation, regular updates of ASC corre-
lator were performed in order to meet all upcoming
observational tasks.

Space—ground baselines that are implemented
in Radioastron mission allow to propose a number
of typical strategies of observations and scientific
goals:

— survey observations to measure the angular
structure and brightness temperatures of com-
pact extragalactic radio sources,

— imaging of AGN, radio galaxies, maser sources,
pulsars and studying of their structure and evo-
lution,

— astrometric measurements.

Each of strategies support different types of sche-
dulings and different algorithms of correlation pro-
cedures. Sources can be observed during a few hours
by data records (“scans”) each 5-10min in dura-
tion, which is specified by Primary Investigator in
the proposal. Depending on the strategy ASC
correlator can operate in different modes.

In this paper, we pay special attention to the
methods of time delay and delay rate computing for
space—ground interferometer as well as to the dif-
ferences between space—ground and ground VLBI.
Description of data processing procedure is given in
Sec. 5.

2. The Space Radio Telescope

“Spektr-R” is the space radio telescope for Radio-
astron mission. It is operating in a perturbed orbit.
The orbital parameters were chosen to maximize
their evolution using weak gravitational perturba-
tions from the Moon and the Sun. Perigee of orbit
varies from 400 to 65,000 km, apogee varies from
265,000 to 360,000 km, the eccentricity of the orbit
changes from 0.59 to 0.96 and initial inclination of
orbital plane is 51°. Orbital period of the space
radio telescope is about nine days.
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The space radio telescope has a 10-m parabolic
antenna. The surface accuracy (RMS) of the an-
tenna is +0.5 mm. Observational frequency bands
are: 0.327GHz (P-band), 1.665GHz (L-band),
4830 GHz (C-band) and 18.392-25.112GHz (K-
band). Receivers at each frequency band have two
independent channels for right-hand and left-hand
circular polarization (RCP and LCP). Bandwidth is
16 MHz for P-band receiver and 32 MHz for L-,
C-, and K-band receivers correspondingly. The de-
tailed information of the space radio telescope
specifications and scientific programs can be found
in Radioastron User Handbook (2012) & Key sci-
ence program. The SRT has an onboard active
hydrogen maser frequency standard (H-maser)
giving references for frequency conversions and data
sampler.

The onboard digital receiver backend samples
the analog signal with one or two-bit sampling. The
samples are taken at intervals of 1/(2Af) where Af
is a channel bandwidth. The digital backend gen-
erates four binary data streams corresponding to
two polarization and two (USB and LSB) IF fre-
quency channels. Digitized VLBI data streams are
transmitted from the satellite down to the ground
tracking stations as a series of frames. Each frame
has a header that contains telemetry information of
the space radio telescope status.

The space radio telescope with onboard
H-maser has no frequency counter or clock. During
the observations data is synchronized by onboard
frequency standard and transmitted to the tracking
station. At the ground tracking station synchroni-
zation sequence and extracted data are directed to
Radioastron Data Recorder (RDR) HDD system.
Data sequence counter resets before the start of new
observing session and waits for the start of “write”
command (at scheduled UTC second) from station
clock controlled by local H-maser. RDR recording
starts upon arrival of the first data frame right in
the scheduled UTC second. After such synchroni-
zation, the incoming onboard data flow will be
supported continuously till the end of observing
session. The time offset between ground station and
onboard clock can be established by restoring the
time delay between Radioastron and tracking sta-
tion from the ballistic prediction of the space radio
telescope position.

The primary tracking station for Radioastron
project is a 22-m radio telescope of Pushchino
Radio Astronomical Observatory (PRAO). The

secondary tracking station is located in Green Bank
(43-m antenna, NRAO, USA). It tracks and
receives the data in the Western hemisphere.
Tracking stations follow the spacecraft across the
sky and receive digital data from the space radio
telescope via downlink at 15 GHz carrier frequency
with a maximum rate of 144 Mbps followed by re-
cording it locally to the disks using RDR. Uplink
signal at 8.4 GHz can be used as a frequency/time
standard as described in Sec. 4.1 (“Coherent”
mode). Data from tracking stations is transferred to
ASC correlator via broadband network connection
(Kardashev et al., 2013).

3. Fundamentals of VLBI Technique: Delay
Compensation and Fringe Stopping

Below we illustrate the concepts of two-element
interferometer. Correlator output in complex form
can be represented as:

r(r) = Vi(t) - Vo (t = 7))

= lim — Vi(t) - Vo (t —7)dt 1
g [ Vie—na )

where V|, V; correspond to the signal voltage mea-
sured from telescopes “1” and “2”, “x” represent
complex conjugation.

Delay 7 in Eq. (1) include geometrical delay 7,
and corrections that depend on the effects of radio
wave propagation, as well as on the uncertainties in
the clock offset on VLBI sites.

The delay 7, for ground VLBI changes slowly in
time due to the rotation of the Earth. For space—
ground interferometry, the changes in the delay 7,
in time are caused not only by the rotation of the
Earth, but also by the space radio telescope orbital
motion.

The measured residuals between “a priori’
delay and “real” can be expressed as:

7(t) = 7(ty) + [7(te) + AT(t)](t — to)

5 ) + A~ 1)+, (2)
where %, is the beginning of scan.

Terms 7(ty), 7(ty),... can be calculated using
“a prior?’ parameters of interferometer. Terms
AT(t —
delay model 7 should not be greater than one
sample period Ty, = 1/(2Af) during the total

ty), 5 A7 (t — ty)? arising from uncertainty in
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integration time Tiyt:
: 1.
A7 - Tiny + §A7' Tir < Tiample- (3)

For space—ground baselines, the terms A7, A7
contain contribution both from onboard H-maser
frequency standard instability and errors in the
reconstructed velocity and acceleration of the SRT.
It is the main difference between the correlation
procedures for space—ground and ground baselines,
where the motion of ground telescopes is known
precisely.

Below we estimate the contribution of various
factors related to the SRT orbit affecting on delay
and delay rate. These factors are important, because
they determine the requirements for correlator.

The maximum value of geometrical delay 7,
and delay rate 7, for ground VLBI is about 21 us
and < 3 us-s~! correspondingly. Comparison of this
value with the sampling period, which is equal to
0.03 ps (30 ns) for bandwidth Af = 16 MHz, showed
that delay must be updated as frequent as 100 times
per second.

Positions of ground telescopes are known with
high accuracy (few centimeters) leading to the
errors of 7(¢y) in Eq. (2) of ~30 ps. It is significantly
less than the value of sampling period (30ns) for
Af =16 MHz bandwidth. The situation is different
for the space telescope. The position of the SRT is
calculated by Ballistics Center of Keldysh Institute
of Applied Mathematics of Russian Academy of
Sciences (KIAM). They use the theoretical model of
forces acting on the space radio telescope. This
model provides an accuracy of 200 m in the position
corresponding to the delay errors of 0.7 us. Real
measurements of the SRT position can exceed the-
oretical accuracy. Clock delays for the SRT can
reach values up to 10 us. Additionally, delays for
certain ground stations are not known with an
adequate accuracy. Thus, initial fringe search
should be performed in a wider correlation window
with at least, 2048 sampling periods (£64 us).

Traditional delay model used for ground base-
lines in case of space—ground interferometer does
not consider factors related to the SRT orbit. This is
one of the main reasons to revise the traditional
VLBI delay model used for ground telescopes (IERS
Conventions, 2010). Delay rate for the space radio
telescope operating in elliptical orbit around the
Earth is 7(t)) = b-s/c. It depends not only on
therelative velocity of the telescopes b but also on the
drift of the onboard H-maser frequency standard.

This drift can be explained by motion of the SRT,
relativistic effects (see Radioastron User Handbook
(2012)) and properties of the onboard H-maser. It
can be order of 30-35 us/s~!.

Maximum delay acceleration for ground VLBI
is about 110ps/s®. Effect of acceleration for 2s in-
tegration time will be about 220 ps/s® and thus can
be neglected. Acceleration of the SRT near apogee is
about 5—6 m/ s? leading to the delay acceleration of
~20ns/s?. According to Eq. (2), the correction of
delay can reach ~40uns for 2 s integration time. For
the space radio telescope, it is necessary to take into
account acceleration in the delay model.

Differences in delay and delay rate for ground
and space—ground configurations are shown in
Table 1.

Fringe search and fringe fitting procedures for
space—ground VLBI are different comparing to the
similar for ground VLBI. The sensitivity of the SRT
is lower than for the ground telescopes. Assuming a
300-s integration, in order to detect fringe, for ex-
ample the minimal correlated flux density must be
Sipin > 112,21,35,91 mJy for P-, L-, C-; K- bands
correspondingly for SRT-Green Bank Telescope
baseline.

Fringe search procedure for space—ground VLBI
can be challenging than for ground VLBI, because
the fringe delay and delay rate (position in corre-
lation window) strongly depends on the errors in
position and velocity of the SRT, as well as the
onboard frequency standard drift. According to
Eq. (3), the total integration time Tyt is limited by
the errors in the SRT velocity. In order to get the
highest possible sensitivity for space—ground VLBI,
it is necessary to use the total integration time
Tint =T, (coherence time). Phase fluctuations
limiting the coherent time are caused by atmosphere
instability and phase noise of frequency standards
and receiver frequency conversion elements at the
SRT and ground stations (Thompson et al., 2001;
Moran, 1976). Initially, the value of T, is unknown
and one of the goals is to estimate it from the
observation. For example, in case, the onboard

Table 1. Estimated delay and delay rate for ground
and space—ground VLBI.

Ty S 7,us/s ¥, ns/s?
Ground VLBI 21 x 1073 3 0.1
Ground-space VLBI 1 > 30 > 20
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H-maser instability is ~107!4s/s the coherent time
is equal to 700s for K-band observations.

4. Correlator Overview

4.1. Data correlation: Processing algorithm

Correlation procedure is the crucial part of Radio-
astron VLBI data processing. About 95% of
Radioastron observational data is processed with
ASC correlator.

The main feature of ASC correlator is delay
model — ORBITA2012. Comparison between ASC
correlator delay model and DiFX correlator CALC
(Gordon, 2004) delay model showed that the dif-
ference in delay and fringe rate for ground baselines
does not exceed 10713 s and 1071*s/s correspond-
ingly. ORBITA2012 model performs the calculation
of signal delay between the SRT and ground
tracking station more accurately than CALC, since
this delay is calculated up to the second order of
Taylor series, while CALC model calculate the
delay up to the first order. This peculiarity of
ORBITA2012 delay model allows to calculate the
delay for space—ground baselines accurately leading
to the decrease of correlation window size for the
first correlator pass.

As a software FX-correlator (Fourier trans-
form — Spectrum multiplication) ASC correlator
provides evaluation of cross-correlation functions
for multiple VLBI stations for ground and space—
ground baselines (Benson, 1995).

In ASC correlator, the signal from each tele-
scope A; (i=1,2,...,n) is delayed by the value
calculated relative to the Earth center. This proce-
dure allows to apply only a geometric delay to the
data with an accuracy of one sample time interval.
The delay corresponding to the fractional part of
sample time interval is corrected after Fourier
transform in the spectral domain. Next, the phase of
signal is shifted consequently to stop interference
fringes. This process is called fringe rotation. ASC
correlator has two main input parameters: integra-
tion time t;,; and number of Fourier transform
channels Nppp. Nppr determine the length of data
interval in seconds: Tppr = 2 - Nppr X 1, where n =
1/(2Af) is a Nyquist rate — a data sampling in-
terval that depends on the Af bandwidth in Hz.
The number of FFT data blocks (spectra) for a
single integration will be K = t;, /Trpr-

The sequence of FX correlator operations are
the following.

Fringe stopping phase is applied as:

newi — Aiew)ia
¢; = 21 Fsgy

(TstopFFT — TstartFFT

A
(4)

i+ startFFT) )
A

where T prT, TstopprT COTTespond to the delays in
the beginning and the end of given data interval,
Fgiy is the central observing frequency.

Discrete FFT of each A, .y; is

Nppr—1 -
_ “m kn
§ Anewn ~e A (5)
n=0

F, =

At this stage, the undercompensated part of geo-
metric delay corresponding to the fractional part of
time interval sample can be applied to the data.
Fractional bit correction for each A,.,; sample is

2miAP

Fnewi = Fk - eNFFT (6)

where AP = - — [+ 0.5] (squared brackets cor-
respond to the integral part of a number inside them),
AT = TyoprFT — Tstartrrs AP C [—0.5; +0.5].

The next step is to multiply the spectra from
two stations:

_ *
Ej - Elewi X newj (7)

where 4, j are stations indices, “x” indicates complex
conjugation.

As a result, we have cross-correlation spectra
determined by number of baselines: L = n(n — 1) /2.
Next, spectrum is averaged as a sum of K spectra:

1 K
Fﬁn = ? mZ_OFz] (8)

And the final output will be L average spectra
written to disk.

ASC Correlator uses MPI architecture. The
principal diagram of interaction between the pro-
cesses is shown in Fig. 1. Correlator has the
“MAIN” process that reads the information of a
given scan, sends commands to “READER” pro-
cesses. “READER” process performs reading of a
data for a given telescope for a given scan from the
storage and transfer this data to “WORK” process.
“WORK” process receives the data and performs
the correlation and “WRITE” process writes the
correlated data in UVX format to the disk. After
correlating all scans “MAIN” process sends to all
“READER” processes a finalization command,
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Main process

processes

NT — Number of antennas
NW — number of working

N - number of threads in
working process

Rank =0
Output
UVX&FITS
F N
.| | READER 0 An?::l“:la
WRITER ” | Rank=2 0
Rank =1
Y ¢ N |
T WORK 0

Rank - Data

NT+2 p| | READER T Antenna
Rank =3 1
¢ A ¢ «— |
Thread 0 | | Thread 1 ThN’f’fd

READER Data
> NT-1 Antenna

Rank - NT+1 NT-1

WORK-- B
NW-1 J
Rank- ™
NW-+NT+1
I
v v v
Thread 0 | | Thread 1 Thread
N-1
Fig. 1. Structure of ASC correlator multi-threaded architecture.

which announces the end of work. Next, the process
waits for the arrival of “END” command and ter-
minates. ASC correlator operate on HPC Cluster
with 1 Tflop/s performance.

Arranging of data processing on HPC cluster
has the following features:

(1) Raw data is uploaded to high-speed online
storage. Then, the data is distributed between
the cluster nodes. Cluster is capable of running
up to six parallel correlation jobs;

(2) In order to increase write speed, the correlated
data is recorded on independent hard drives of
individual nodes. These drives are configured as
RAID 0 (doubles write speed at expense of
reliability);

(3) Fringe search procedure is executed indepen-
dently on each node to reduce the load on the
internal cluster network. Thus, the structure of
the cluster is optimized for maximum splitting
of read/write flows to different physical disks
since the speed of correlation processing is
largely determined by network bandwidth and
the data transfer rate than by speed of FFT
execution on the computing nodes.

ASC correlator performance is determined by
number of stations in observation, number of

Fourier transform channels and integration time.
Correlation and fringe search procedures for
Radioastron data are strongly connected to each
other. The first run of correlator is performed in
broader window of delay and fringe rate in order to
search for the fringe. Large number of participating
ground telescopes generates a big input data rate.
Therefore, it is necessary to pay attention to the
power of disk subsystem and network bandwidth
between the cluster nodes and cluster to raw data
storage. A particular challenge is the limited ca-
pacity of raw data storage and the data transfer rate
from offline hard drives to online storage. Figure 2
shows correlating efficiency depending on the num-
ber of telescopes in observations. This figure shows
the load only on cluster nodes. The current perfor-
mance is sufficient to meet all the needs of the
mission.
ASC correlator has the following properties:

(1) Full support of widely distributed VLBI data
formats: Radioastron data format (RDF),
Mark5A, Mark5B, VDIF, VLBA, K5;

(2) Cluster with 1 Tflop/s performance;

(3) Online raw data storage of 80 TB for correla-
tion. Baseband /voltage data is uploaded to this
storage from offline raw data archive in order to
perform the correlation.
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Fig. 2. ASC correlator performance expressed in ratio be-
tween processing time and duration of observation. Three
curves show how performance depend on the number of stations
and number of delay channels.

(4) Online data storage for correlated observa-
tions — 160 TB;

(5) Raw data archive of 2,450 TB (hard drives) and
2,000 TB (tapes);

(6) Real-time data processing of up to 10 stations
(45 baselines, 256 Mb/s bitrate) with delay
window of 256 channels. Typical session has
four stations and 2048 Fourier transform chan-
nels. Processing rate in this case is two times
faster than real-time.

(7) Correlator can operate in the following modes:

(a) Continuum. This mode is used to correlate
the observational data of compact Galactic
and extragalactic radio sources (active ga-
lactic nuclei, quasars).

(b) Spectral line. This mode is used to correlate
the data of maser observations, which re-
quire higher spectral resolution to achieve
the required velocity resolution of 0.1-
0.3km/s. Data is processed in two passes.
The first pass is the same as for continuum
mode. The second pass is performed in a
selected frequency range that contains
spectral details in order to search for fringes
from spectral lines. The chosen spectral
resolution is determined by the number of
Fourier transform channels and depends on
the observing frequency and properties of
the specific spectral line source.

(¢) Pulsars. Pulsars are emitting in a very short
time and the size of correlation window can
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be used to increase the signal-to-noise ratio.
In this case, correlation is performed in so-
called “Gate mode”.

Features of pulsar data processing are
related to the dispersion effect caused by
free electrons located on the line-of-sight.
Dispersion leads to the delay of signal in
frequency. There are two methods to com-
pensate this effect: coherent and incoherent
dedispersion.

While coherent dedispersion is applied to
the whole observed frequency band, inco-
herent dedispersion divides frequency band
into a number of small channels (bins).
Signal in each channel is shifted in time to
compensate for the difference in pulse time
of arrival, after that the channels (bins) are
summed. The final time resolution in this
case is limited by the size of a single bin.

Incoherent dedispersion in ASC correlat-
or is performed in several steps. Pulsar pe-
riod is divided into channels (bins).
Correlator performs the calculation of spec-
tra for each bin. The delay of signal in each
bin is compensated by polynomial model
calculated with TEMPO2 software package
(Hobbs et al., 2006; Edwards et al., 2006).
Then, the signal in each bin is being averaged
over the observation time. As a result, each
bin will contain the signal with removed dis-
persion. Dispersion effect will decrease line-
arly with increasing number of bins.

Accordingly, it is necessary to sum only
the data that contain fringes of pulses and
discard the rest. It is important to com-
pensate the pulse shape with a dispersive
delay.

ASC correlator has number of different
pulsar data processing modes:

(i) Simple Gate Mode: Single gate is set on
pulse. Increase in S/N ratio can be up
to 3-5 times;

(ii) Compound Gate Mode: Gate is
weighted according to the shape of
pulsar average profile. This approach
can increase S/N up to 6-20% over
simple gate mode;

(iii) Bins Mode: This approach uses many
gates (bins). In case, the pulse phase is
unknown, this mode can be used to
determine the mean profile of the
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pulsar. When the pulse phase is known,
it is useful for simultaneous extraction
of on pulse and off pulse data. Off pulse
data can be treated as normal contin-
uum data and used for bandpass cali-
bration.

(iv) Giant Pulses Mode: This mode is simi-
lar to bins mode, but after performing
the correlation for each bin the corre-
lator compares correlation coefficient
with a certain threshold, and save the
data only for those moments in time and
those bins, which have correlation coef-
ficients exceeded the given threshold.

“Coherent” mode. This mode can be used as
an alternative way to synchronize an on-
board reference frequency using the H-maser
of ground tracking station. This mode is im-
portant, because it is used as a backup in case
of an unexpected failure of onboard H-maser.
Main stages of “Coherent” mode are shown
in Fig. 3:

(i) Reference signal is transmitted from
ground-based H-maser to the space
radio telescope: f,, = fo + Af,, where
fo="T7.2075GHz, Af. is Doppler cor-
rection term calculated each 40 ms from
the space radio telescope orbital data
for each transmission moment ¢”.

Si= A+ qp)* f,
2 f,~ 8.4 GHz

f,=7.2075 GHz 4

Fig. 3.

3 fi=f,+Af,
fRLb :-;'f.ip - ./i

Scheme of “Coherent” mode implemented in

“Radioastron” project.

(ii) At instance t’ is delayed by 7, signal at
fu.=T72GHz+ Af,+ Af) is received
by the space radio telescope, where Af))
is Doppler frequency shift on the route
from the tracking station to the space
radio telescope. This signal is multiplied
by a factor of (1 + ¢y) and coherently
converted to 8.4 GHz frequency band.
The coefficient g7 is equal to 159/961.

(iii) The signal f, = (1+qr) - f, is trans-
mitted down from the space radio
telescope to the tracking station at
8.4 GHz band and finally received by
tracking station at moment ¢ with
delay 7p relative to the moment ¢’.

Received frequency will be f, = f, + Afy,
where A f; is Doppler frequency shift on the
route from the space radio telescope to the
tracking station at the moment ¢. Errors of
predicted orbit result in residual Doppler
frequency shift between transmitted and
received signals frps = fup, — fr-

Residual phase can be obtained from re-
sidual frequencies by integration on time
interval (t —t):

t
Aprps = t fres(z)dz, (9)
0
where %, is the beginning of observations.

Consequently, additional shift of the
tracking station master clock can be calcu-
lated for the moment ¢; using expression:
z(t) = Aprps(t)/(27fy). The  corrected
delay D(t;) at the moment ¢; can be estimated
as D(t;) = d(t;) + z(t), where d(¢;) is a delay
calculated from reconstructed orbit. Two
examples of delay recovery are presented in
Figs. 4 and 5. Both figures demonstrate the
results of “Coherent mode” applied to
observations conducted with Radioastron at
C- and K- bands correspondingly.

4.2. Correlation in practice: Delay
estimation

Correlation results rely on the delay model. For
space—ground VLBI, the accuracy of interferometer
delay model depends directly on the quality of
reconstructed orbit. Inaccuracies of delay calcula-
tion are the matter of errors in position, velocity and
acceleration of the SRT. Orbit quality imposes
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Fig. 4. Example of fringe for Radioastron “Coherent” mode. Observation code: RAES02AD. Source 20134-370. Date: 12.05.2012
07:00-08:30. Baseline Radioastron-Effelsberg, baseline projection 0.6 x ED. Observation wavelength A = 6 cm (C-band). Top — no
time correction applied. Bottom — time correction applied.
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Fig. 5. Example of fringe for Radioastron “Coherent” mode. Observation code: RAES02AD. Source 20134370. Date: 12.05.2012
07:00-08:30. Baseline Radioastron-Effelsberg, baseline projection 0.6 x ED. Observation wavelength A = 1.35 cm (K-band). Source
20134-370. Top — no time correction applied. Bottom — time correction applied.
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significant constraints on the success of fringe-delay
search. Correlator performs the correlation in a
given range of delay and fringe rate values, which is
determined by the integration time and the number
of Fourier transform channels. Selection of integra-
tion time and number of Fourier transform channels
is directly associated with the errors in the space
radio telescope state vector. State vector is a car-
tesian coordinate system including the position r
and velocity v that together with time (epoch, t)
determine the trajectory of the orbiting body in
space. The maximum size of correlation window is
only limited by computer performance. Such feature
allows to get almost stable fringes in the presence of
errors in the space radio telescope state-vector.
The delay window of the correlator depends on
the size of FFT and is given by Wy, = Nppr/
(2-Af). The fringe rate window of the correlator

2.40E-011 T T

depends on the integration time ¢, and is given by
Wfrr = 1/2 : tint’

Error in position of the space radio telescope
Ax, gives shift in delay 7.,

Tor = K+ Ax,/c. (10)

where K is the space radio telescope position vector
and Ax, is the error of position vector.

An example of observed delay error of 107" s
and fringe rate error of 4 x 107'2s/s is shown in
Fig. 6. It is seen that those errors of delay and fringe
rate are equivalent to ~ 3m error in position and
~ 12mm/s error in velocity.

The SRT orbit uncertainties of 2cm/s in ve-
locity and 200 m in position determine the choice of
correlation parameters for K-, C-, L- and P- bands
(Table 2).

—~

2.20E-011

T T T T T T

Fringe rate, (s/s) 1

(s/s

/’ ]

y 2.00E-011

1.80E-011 /_/W"/AVI

1.60E-011

Fringe rate

1.40E-011 . .

-1.220E-05 T T
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N
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21:36 24:00

26:24 28:48 31:12 33:36

UTC Time, (HH:mm)

Fig. 6.

Example of observed errors in delay and delay rate. Observation code: RAKS11AA. Source: 0716+714. Date: 03.01.2015

22:00-04.01.2015 10:00. Observation wavelength A = 1.35cm (K-band). Trend of delay £10~"s (bottom) and delay rate
4 x 1072 s/s (top) correspond to +3 m error of the spacecraft position and +12mm/s error in velocity.

Table 2. Correlation parameters in K, C, L and P bands.
FFT Delay Integration Fr. Rate Data volume,
Band channels window (us) time (s) window (Hz) 1h observation (Gb)
K 2,048 64 1/64 32 420
C 2,048 64 1/8 4 52
L 2,048 64 1/4 2 26
p 2,048 64 1 0.5 6.6
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Fig. 7. Estimation of the acceleration. Peak SNR corresponds
to the best found value of acceleration for one single scan
(570s).

Correlation procedure requires to take into
account uncertainties related to the space radio
telescope acceleration. Search for the acceleration
in correlation window can significantly increase
the signal-to-noise ratio (Fig. 7). The correlator
has a procedure that sequentially step-by-step cal-
culate the acceleration in correlation window in
order to find fringe with the highest signal-to-noise
ratio.

Radioastron experience showed that it is nec-
essary to perform the first correlation pass with
much wider correlation window, than it is used for
ground baselines. This is caused by significant
uncertainties of orbit determination. The space
radio telescope orbit uncertainties results to the
increasing size of correlation window that leads to
higher computing load but does not cause irre-
trievable losses of scientific result. Another way to
avoid fringe loss caused by orbit errors is to perform
simultaneous observations at two different fre-
quencies. This approach becomes very frequent in
Radioastron mission. In case, correlation is detected
at longer wavelength, the corrections to the delay
model can be used for the correlation procedure of
shorter wavelength increasing the chance of fringe
detection. Correlated observations are recorded to
the output data archive of Radioastron mission as
UVX and IDI-FITS files for further astrophysical
interpretations using various post-correlation data
analysis software applications (e.g. ASL, AIPS,
PIMA, etc.).

5. Delay Calculation for Space-Ground
VLBI

All correlators require a precise method for calcu-
lation of the geometric delay which is then applied
to align the data streams from the different tele-
scopes or for delay tracking and fringe stopping for
correlation of the signals. For astronomical VLBI,
most correlators use CALC software model to cal-
culate the delay for these purposes (Gordon, 2004).

ASC correlator use ORBITA2012 delay model
based on ARIADNA algorithms. The main differ-
ences are related to the computation of delay for
space—ground baselines (see Chap. 4 in Zharov
(2011)).

ARIADNA performs calculation of delays
between the telescopes (baseline-based delay calcu-
lation). Calculation of baseline-based delay is per-
formed with “consensus model” (see Chap. 11 in
IERS Conventions (2010)). “Consensus model”
defines the standard reference systems implemented
by the International Earth Rotation and Reference
Systems Service (IERS) and the models and proce-
dures used for this purpose. The reference systems
and procedures of the IERS are based on the reso-
lutions of International Scientific Unions (IERS
Conventions, 2010). ORBITA2012 calculates the
delays between individual telescopes, including the
space radio telescope (antenna-based delay) related
to the Earth center. In this case, it is easy to cal-
culate a baseline delay if two antenna-based delays
are known. Situation with delay calculation for the
SRT is more complicated, because of the uncer-
tainties in the predicted orbit of the SRT and
presence of drift related to the frequency variations
of the onboard H-maser.

The antenna-based delay model is represented
as a polynomial function in time with coefficients:

T(t) = ag + ait + agt® + - +a,t".  (11)

Polynomial order n can be adjusted (default is
n =6) and coeficients ag, a4, ...a, are calculated
every period, where ¢t =0 is defined as a start of
each period. By default this period is equal to 1 min
and can be adjusted by the operator.

Conventional displacements of ground tele-
scopes in ORBITA2012 delay model include all
known correction terms, such as: tectonic and tidal
motions (mostly near diurnal and semidiurnal fre-
quencies), nontidal motions associated with dis-
placement due to ocean tidal loading and due to
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diurnal and semidiurnal atmospheric pressure
loading, etc. (IERS Conventions, 2010).

Spacecraft state-vector is calculated by KIAM
with an accuracy of ~200m in position and
~2cm/s in velocity for the final (reconstructed)
orbit (Duev et al., 2015). Accuracy of the spacecraft
state-vector is critical for successful correlation of
Radioastron observations. Development of consis-
tent dynamical model of the space radio telescope is
associated with a number of challenges. The most
important challenge is defined by a significant
amount of pressure on the spacecraft surface caused
by solar radiation, which produces both perturba-
tions of acceleration and torque. They are compen-
sated by the stabilization system that maintains
constant attitude with respect to an inertial frame
using reaction wheels. Unloadings of reaction wheels
generally occur one or two times per day by firing
thrusters. This leads to orbit perturbations. Change
in velocity of the spacecraft’s center of mass is
about 3-5mm/s in magnitude during unloading.
Both perturbations caused by solar radiation
and unloadings of reaction wheels can lead to a
significant orbital inaccuracy.

Data from ground tracking stations and data
from onboard measurements are used to improve the
initial state vector (position and velocity) of the space
radio telescope. Routine tracking is performed by
two Russian stations located near Ussuriysk (70-m
antenna) and in Bear Lakes (64-m antenna). The
data usually contains two-way ranging and Doppler
measurements. In addition, tracking stations located
in Pushchino, Russia and in Green Bank, USA can be
used to collect the Doppler measurements.

6. Comparison Between ASC and DiFX
Correlator

Comparison of ASC correlator with DiFX was per-
formed at the final stage of correlator development
and during the first cycle of Radioastron mission
operation.

Results of comparison showed, that after the
second correlation pass, the difference of signal-to-
noise ratio between ASC and DiFX outputs does
not exceed 1.5-2% (see Fig. 8).

In our analysis, we compared a number of
parameters that mainly characterize the quality of
correlator output data: correlated amplitude, sig-
nal-to-noise ratio, residual delay, residual delay rate
(fringe rate) and residual acceleration (delay second

12

—
—u— ASC Correlator
—a— DiFX Correlator |
10
;’\ A
TN /
L gL & I~ <
n
6
4 1 1 1 1 1 1 1 1
101 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9
UTC Time, (Hours)
Fig. 8. Comparison of SNR between ASC and DiFX correla-

tors. C-band, Baseline: Radioastron-Arecibo. Relative differ-
ence is not more than &~ 2% during time interval of ~ 40 min.

derivative). Example of such comparison is shown in
Figs. 9 and 10 for space—ground and ground base-
lines correspondingly.

One of the important features of VLBI method
is its sufficient phase stability that enables long in-
tegration of the correlation function. Signal that is
received by Radioastron antenna located in open
space is not affected by atmospheric distortions.
Such advantage, as well as a stable onboard H-
maser provides longer integration times, which is
quite important for higher frequencies like 22 GHz
(see Fig. 11).

Additional comparison of ASC and DiFX visi-
bilities showed adequate correspondence of signal-
to-noise ratio, as well as a good correspondence of
visibility amplitude behavior in time (see Fig. 12).

More details on comparison of ASC, JIVE
SFXC and DiFX correlators will be given in a sep-
arate publication.

7. Discussion

During 2011-2016 years under active regulations of
Russian Federal Space Agency, Lavochkin Associ-
ation and many participating scientific interna-
tional organizations number of Radioastron
observing programs were successfully carried out:

(1) Fringe Search program (sessions code RAFS),
11.2011 — 02.2012;

(2) Early Science program (sessions code RAES),
02.2012 — 06.2013;
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Fig. 9. Example of comparison between ASC and DifX correlators output for space-ground baseline. Observations code: RAE-
SO03EV. Source: 0748+126. Date: 24.10.2012 09:00-10:00. Observing wavelength: A = 6 cm. Baseline: Radioastron-Arecibo. Baseline
projection: 11 x ED. The following values of ASC and DiFX correlators were compared: SNR (left, top), delay (right, top), fringe
rate (left, middle), correlated amplitude (right, middle), acceleration (bottom).

(3) Radioastron Key Science Program (sessions  Figure 13 shows a total amount of observations,

code RAKS), executed from 07.2013; including sessions with successful fringe detections
(4) Radioastron General Observing Time (sessions  with the SRT. Number of observed unique sources is
code RAGS), executed from 07.2014. shown in Fig. 14. About one half of AGN+4+QSO
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Fig. 10. Example of comparison between ASC and DifX correlators output for ground baseline. Observations code: RAESO3EV.
Source: 0748+126. Date: 24.10.2012 09:00-10:00. Observing wavelength: A = 6 cm. Baseline: Yebes-Arecibo. The following values of
ASC and DiFX correlators were compared: SNR (left, top), delay (right, top), fringe rate (left, middle), correlated amplitude (right,
middle), acceleration (bottom).

sources provide statistically reliable correlation

results.

Figures 15 and 16 show 3D diagrams of fringes
for blazar 3C279 (baseline projection 9.4 Earth

diameters) and Galactic maser W3IRS5 (baseline

projection 5.28 Earth diameters) correspondingly.
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Figure 17 shows fringe detected on Radioastron-Green
Bank baseline of 26.5 x ED at A = 18 cm wavelength.
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Fig. 11. Behavior of correlated amplitude and SNR during

integration on a 10 min scan. Observation code: RAESO3FU.
Source: 0716+4714. Date: 19.11.2012 00:20-01:00. Baseline
Radioastron-Svetloe, baseline projection: 2.5 x ED. Observing
wavelength: A = 6 cm. Amplitude has stable behavior during
10 min coherent integration. SNR shows dependence close to
the theoretical integration law 1/+/Z.

Comparison between ASC and DiFX correla-
tors showed good compliance of correlation results.
The deviations does not exceed 1.5%.

Delay calculation algorithm in ASC Correlator
is flexible and can be applied for different correla-
tion modes: continuum, spectral line, pulsar,
“Coherent” mode. Outstanding angular resolution
was achieved — the interferometer fringes were
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Fig. 12. (Color online) Comparison of visibility amplitude
between ASC and DiFX correlators. Observation wavelength
A =18cm (L-band). Baseline Westerbork-Effelsberg. Devia-
tion does not exceed 1.5% on time interval of ~ 1,200s. ASC
correlator amplitude (red) has an offset of +0.002 for easy
viewing.
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Fig. 13. Number of yearly correlated Radioastron space—
ground observations using ASC correlator. Covered period:
November 2011-May 2016. About 30% of all correlated obser-
vations yield fringe detections with the space radio telescope.

obtained at extreme baseline projections at K-band
(~14 pas):

(1) 345,000km (27.1 x ED) at L-band,
(2) 295,000 km (23.1 x ED) at C-band,
(3) 197,000km (15.5 x ED) at K-band.

Till the 1st of May 2016, 2766 sessions were suc-
cessfully correlated. Fringes at space—ground base-
line were found for more than 800 observations
(~30%).

The maximum data processing rate in Radio-
astron mission is about 250 sessions per month,

500 ;

. . . . .
[ Total number of sources
I Found correlation with Radioastron

450

Number of sources

Pulsars

Total AGN+QSO
Source class

Masers

Fig. 14. Number of unique sources observed with Radioastron
space—ground VLBI. Represented period: November 2011-May
2016. About 50% of unique source yield fringe detections with
the space radio telescope.
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Fig. 15. Delay-Fringe rate diagram for blazar 3C279. Distance
to this source is 3070 Mpc. Observation code: RAES11A. Date:
02.02.2013 07:10-08:40. Baseline Radioastron-Effelsberg, base-
line projection 9.4 x ED. Observation wavelength A = 1.35 cm.
Angular resolution 18 pas. Estimated source linear size 0.11 pc.

while the observation rate is about 80-120 experi-
ments per month. Thus, ASC Correlator perfor-
mance is enough to correlate all the data of
Radioastron project without significant delays.
Space—ground VLBI data correlation in contrast to
ground VLBI largely depends on network perfor-
mance and data delivery, rather than on the
computational performance.
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Fig. 16. Frequency-Fringe rate diagram for galactic maser
W33IRS5. Observation code: RAES02AB. Date: 30.12.2012
16:40-17:20. Baseline Radioastron-Effelsberg, baseline projec-
tion 4 x ED. Observation wavelength A = 1.35cm. Angular
resolution 40 pas. Estimated maser source linear size
1.2 x 107 km.
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Fig. 17. Delay-Fringe rate diagram for 0048-097. Observation
code: RAKSO1KT. Date: 01.12.2013 21:00-22:00. Baseline
Radioastron-Green Bank, baseline projection 26.5 x ED. Ob-
servation wavelength A = 18 cm.

8. Conclusions

Astro Space Center software FX correlator is an
important component of space—ground interferom-
eter for Radioastron project. It was developed in
ASC of P. N. Lebedev Physical Institute of Russian
Academy of Sciences in order to support the data
processing of Radioastron mission. This software
has an implementation of the new delay calculation
model for space—ground interferometry. The new
model take into account the space—ground inter-
ferometer peculiarities such as relativistic and ran-
dom drift of the onboard H-maser, absence of
onboard clock. During the five years of Radioastron
mission ASC Correlator proved to be a high efficient
and reliable VLBI data processing instrument.
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