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The paper describes the RadioAstron space radio telescope beacon
signal processing technique and a brief review of the software pack-
age used for data processing. The beacon emits monochromatic signal
at 8.4 GHz. Observations were carried out at “Quasar” VLBI network,
data was processed using the software package designed in IAA RAS.
The package consists of the ephemeris, correlation processing, postpro-
cessing and GUI utilities implemented with C++ with Qt 4.8 and qwt 6.0
frameworks.
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1 Introduction
The paper describes the RadioAstron space radio telescope beacon signal

processing technique and a brief review of the software package designed for
data processing.

Observations were carried out at “Quasar” VLBI network, with a help of
three stations (Svetloe, Zelenchukskaya and Badary). During a session of ob-
servations (ru0109) continuous 60minute beacon signal recording wasmade.
The beacon emits monochromatic signal at 8.4 GHz, it was recorded in a
16 MHz bandwidth with a data rate of 32 Mbps and 1 bit sampling. Receiver
had a setup that placed beacon signal in the middle of recorded band.

The software package was designed for recorded data processing. It con-
sists of ephemeris software, correlation and postprocessing software and a
graphical user interface. The speed of spacecraft along the station-spacecraft
axis and the distance variations between stations and spacecraft were deter-
mined during the scan.

The paper illustrates full cycle for the spacecraft scan (292–0000) process-
ing for one of three stations (Svetloe) participated in observations. Process-
ing results for all stations are given.
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2 Ephemeris software for spacecraft observations
In order to provide RadioAstron spacecraft observations at “Quasar” VLBI

network spacecraft ephemeris software was developed. The software is based
onuniversal processor for ephemeris calculations (ERA) designed in IAARAS,
it was used for the following operations:

— spacecraft declination angle and right ascention calculations for track-
ing;

— calibration source selection in X/S bands for ionospheric data used for
processing;

— delays pre-calculations for IAA RAS correlators;
— radioAstron orbit data calculated in Keldish Institute of AppliedMathe-

matics RAS (ftp://ftp.kiam1.rssi.ru/pub/gps/spectr-r/nu/) were used as initial
data.

3 Primary data processing of the RadioAstron spacecraft observations
Due tomovement of a spacecraft relative to Earth and Earth’s diurnal mo-

tion beacon signal has a Doppler frequency shift that can be detected in both
VLBI and single station modes. The value of a Doppler shift determination
during scan is the goal of primary data processing of the RadioAstron space-
craft observations.

Primary processing was carried out with a help of software package de-
signed for monochromatic signals data processing. It consists of correlation,
postprocessing software and graphical user interface (GUI). Correlation soft-
ware extracts spacecraft signal and determine it’s parameters (amplitude and
phase) on the short (1 ms) periods of time. Postprocessing software analyzes
extracted signal and makes adjustments to the signal tracking on the follow-
ing iterations. Graphical user interface provides visualization and control of
the whole process. The software package was developed using C++, Qt and
qwt based libraries were used for GUI. The software can run under the control
of any operation system.

Each of the observations scan processing is done using iterative algo-
rithm. Each iteration includes correlation and postprocessing.

4 Initial Iteration
At the beginning of each scan processing during first few seconds the

power spectral density of recorded signal was calculated for each station.
Doppler shift of a beacon signal for the beginning of a scan was determined
based on the spectral data.
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5 First iteration
The next step was correlation processing of the scan data. For each accu-

mulation period of recorded signal T cosine and sine components of correla-
tion function (CF) were calculated as:

Ccos,i =
∫
Ti

S(t) cos 2π(f0 − fd(t))t dt,

Csin,i =
∫
Ti

S(t) sin 2π(f0 − fd(t))t dt,
(1)

where f0 = 8 MHz— bandwidth center (initial beacon signal frequency with-
out Doppler shift), fd(t) = const — initial Doppler shift determined using a
high resolution spectrum, Ti — 1 ms accumulation period was chosen.

Sine and cosine components of the CF for i-th accumulation period (AP)
were treated as real and imaginary parts of a complex number. Phase and am-
plitude for each AP were calculated. Sample phase-AP relationship is shown
at Fig. 1(a).

(a) (b)

Fig. 1. First (a) and fourth (b) iterations, X-axis — AP count (AP = 1 ms),
Y-axis — phase degrees (from −180 to 180)

Amplitude is fading over time that is caused by scan’s long duration and
corresponding Doppler shift over time. At the beginning of a scan phase
changes slowly then velocity of phase changes increases. That is due to us-
ing a constant Doppler shift during correlation processing determined for the
first few seconds of a scan. However spacecraft and observing stations are
moving with acceleration and Doppler shift is changing over time.

Residual frequency displacement (after removing Doppler shift) is calcu-
lated by the postprocessing software.
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Frequency shifts for the first 128 AP (0.128 s) are determined on the first
iteration. Then Fourier transformation is performed with a following search
for themaximumamplitude in received spectrumandbeacon signal frequency
is determined within the accuracy of 8 Hz. After that there is a search nearby
received frequency value for the exact frequency value that provides maxi-
mum amplitude in the spectrum.

When frequency value is calculated software is moving to the next 64 AP
and repeats computations. In the end using the least squares method rela-
tionship between frequency and time fd(t) is being estimated and approxi-
mated with a polynomial. At this point second order polynomial is used.

6 Second iteration
Next there was made another correlation processing with amplitude and

phase beacon signal extraction, this time polynomial Doppler shift model
fd(t) was used for tracking.

The next stage of postprocessing is devoted to moving from frequency to
phase tracking of spacecraft signal.

Phase and amplitude values are averaged over time with 0.1 s interval.
Phase leaps over 360 degrees are removed. Phase-time relationship is ap-
proximated with 5-th order polynomial.

7 Third iteration
On the next iteration correlation processing was carried out with a help

of phase polynomial, sine and cosine components of CF were calculated as
follows:

Ccos,i =
∫
Ti

S(t) cos 2π(f0t− pd(t))t dt,

Csin,i =
∫
Ti

S(t) sin 2π(f0t− pd(t))t dt,
(2)

where pd(t)— Doppler phase set by a polynomial.
To make phase tracking more accurate at a larger interval of 60 minute

scan on the next stage there was made a transfer to spacecraft signal phase-
time approximation using piecewise-polynomial. Time interval was sepa-
rated to smaller pieces of equal length with a 5-th order polynomial trend
used on each. Polynomials were calculated the certain way to have there val-
ues and derivatives equal at the limiting points to prevent steps in their val-
ues.
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8 Fourth iteration
Correlation processing on this stage is equal to previous one, the only

difference is a transition from one polynomial to another during phase track-
ing. This iteration repeats until the specified accuracy of signal tracking is
reached, then processing is finished. Residual root-mean square (RMS) de-
viation of initially extracted signal phase and the one polynomial calculated
serves as accuracy criteria. Reasonable value is about of 10 degrees. Fig. 1(b)
shows phase-AP relation obtained during final iteration.

9 Results

Fig. 2. Residuals for RadioAstron spacecraft Doppler observations 19.10.2014
at Svetloe, Badary and Zelenchukskaya

Output data are based on spacecraft’s phase-time relation φ(t) obtained
during the last iteration. Integral phaseR(t) progression during the scan and
Doppler frequency shift V (t) derived from R(t) are calculated as follows:

R(t) = φ(t) c
2π f0

,

V (t) = f(t)
f0

c = ∂φ(t)
dt

c
2π f0

,
(3)

where f0 — carrier frequency of spacecraft beacon signal.
Obtained data were transferred to the IAA spacecraft trajectory analysis

center [1]. Calculated integral phase progression RMS R(t)— 1mm, Doppler
frequency shift V (t)— 0.02 mm/s. Residuals for spacecraft Doppler observa-
tions at Badary, Svetloe and Zelenchukskaya are shown at the Fig. 2.
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10 Conclusion
Ephemeris software designed t at IAARASallow toperformaccurate track-

ing by the observatories for RadioAstron spacecraft and calculate delays pre-
calculations for IAA RAS correlators. Designed software package for mono-
chromatic spacecraft signal processing allow to determine integral phase and
Doppler frequency shift for RadioAstron spacecraft beaconwith RMS of 1mm
and 0.02 mm/s.
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