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Abstract

Introduction. Radio telescopes incorporated in very long baseline interferometry (VLBI) networks are used to
record several narrowband signals (up to 32 MHz), which are extracted by means of base band converters (BBC)
from an analog noise signal of an intermediate frequency (IF) with bands up to 1 GHz. When processing the as-
obtained data, the method of frequency band synthesis is used. Novel compact radio telescopes (e.g., RT-13)
digitalize wideband IF signals. A digital narrowband signal extraction module developed in 2019 provides the
possibility of integrating RT-13 radio telescopes with the Russian Quasar VLBI Network.

Aim. To assess the accuracy of measuring the interferometric group delay of a signal by a radio interferometer
equipped with a digital narrow-band signal extraction module, as well as to compare the sensitivity of interfer-
ometers with analog and digital signal extraction systems.

Materials and methods. Sensitivity losses of interferometers with different systems for detecting recorded
signals were calculated. The accuracy of a multi-channel interferometer with the synthesis of a frequency band
and an interferometer with recording of digital broadband IF signals without band synthesis was compared.
The results were confirmed by VLBI observations in the observatories of the Quasar VLBI Network.

Results. When replacing the analog system of signal extraction with the digital system, the sensitivity losses of
the interferometer decreased slightly. The measurement accuracy of the interferometric group delay remained
unchanged. An increase in accuracy was achieved when broadband IF signals were recorded digitally and when
a frequency band significantly larger than the IF bandwidth was synthesized. Conditions and minimum synthe-
sized bands were determined, under which the accuracy of the interferometer registering narrowband signals
exceed that of the interferometer registering wideband IF signals.

Conclusion. The problem of integrating RT-13 radio telescopes with VLBI networks, which record video fre-
qguency signals, was solved. The feasibility of installing digital signal conversion systems on radio telescopes was
shown.
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AHHOTauuA

BeBepeHue. PagnoTeneckonamm KOMMIEKCOB PaAvoONHTEpPPepoMeTpuUnN CO CBePXAINHHBIMU 6asamu (PCAB)
06bIYHO PErnCTPUPYHOTCA HECKOIBbKO CUFHANO0B C OTHOCUTEIbHO Y3KMMK (A0 32 MI'L) nonocaMu, KOTopble Bbl-
[enstoTcs BUAeoKoOHBepTepamMmn 13 aHaNoroBoro LyMOBOro CUrHana NpoMexyTouHol YacTtoTsl (M4) ¢ nonoca-
Mu 4o 1 1Ty, NMpr 06paboTke AaHHBLIX MPUYMEHSETCA CUHTE3 MOOCk HacToT. Ha HOBbIX HEGONbLUNX pajuoTene-
ckonax (Hanpumep, PT-13) oumdpoBbIBAOTCA LUMPOKONOAOCHbIE cUrHanbl MY. BO3MOXHOCTE NMOAKIOYEHUS
pagnoteneckona PT-13 k PCAB-komnnekcy "Ksasap-KBO" n k mexayHapoaHbiM PCAb-ceTsiM obecneuvnBaeT
MOZy/b LM$POBOro BbifeneHns Y3Konoa0CHbIX CUTHAN0B, paspaboTaHHbI B 2019 T.

Lenb pa6oTbl. OnpejeneHne TOUHOCTU N3MePeHNs HTepPepoOMeTPUYECKOr rpynnoBO 3a4epXkn curHana
paanonHTepdepoMeTpom C LMPPOBLIM MOAYNEM BblJeNeHUs PerncTpupyemMbix CUrHaNoB 1N CpaBHEHMe YyB-
CTBUTENIbHOCTEN NHTep$EepPOMETPOB C aHaNOrOBbIMU 1 LIMGPOBLIMU CUCTEMAMU BbleNeH NS CUTHAOB.
MaTepuanbl n MeTofbl. PaccunTbIBaOTCS MNOTEPU UYBCTBUTENBHOCTU MHTEPdEpOMETPOB C Pa3HbIMK cUCTEMaMU
BblJENIeHNs perncTpypyemMbix curHanos. CpaBHUBAKOTCA TOYHOCTU MHOIOKaHaIbHOro MHTepdepomMeTpa € CUHTE30M
Mo/0Ckl YacToT N MHTepdepoMeTpa, PerncTprpyroLlero LdpoBble LUMPOKOMO0CHbIe curHanbl MY 6e3 cnHTesa
nonocel. PesynbTathl NoaTBepxaatoTca PCAB-HabnoaeHnaMn B obcepBaTopusax komnaekca "Keasap-KBO".
Pe3ynbTaTbl. [1py 3aMeHe aHaN0roBoW CUCTeMbI BblAeNeHVS CUTHAN0B Ha LMPPOBYHO MOTEPY HyBCTBUTENbHOCTU
NHTepdepoMeTpa HEMHOIO CHUXAKTCA. TOYHOCTbL M3MepeHns MHTepdepoMeTPUUECKON rpyrnnoBoM 3a4epXKu
He MeHsieTcs. TOUHOCTb MOBLILLIAETCHA MPU CUHTE3e MO0Chl YacTOoT, 3HaUMTe/IbHO NPEeBbILLIAOLLEeR LUMPUHY MOOo-
¢l MY, 1 Npy LuMbPOBOI perncTpaLnmn LWPOKONONOCHbLIX chrHanos MNY. OnpejeneHsbl ycnosus 1 MUHUMalbHble
CUHTe3MpyeMble MOOCkI, MPU KOTOPbIX TOYHOCTb MHTeppepoMeTpa C perncrpaumert y3KonoaoCHbIX CUrHaNoB
MOXeT bbITb BblLLe TOYHOCTU NHTepdepomMeTpa € permcrpaLeri LWPOoKONOoa0CHbIX C1UrHanos MY.

3akntoyeHue. PelleHa 3agava coBmelleHVs pagnoTeneckonos PT-13 ¢ PCAB-ceTamun, rae pervcTpupyroTcs
CUrHanbl BUAeo4acToT. MNokaszaHa 3dPeKTMBHOCTb YCTAaHOBKM Ha pajmoTteneckonax LnMdpoBbIX CMCTeM Mpeob-
pa3oBaHuVsA CUrHasOoB.

KnioueBble cnoBa: pasronHTEPGEPOMETPUS CO CBEPXA/IMHHBIMU 6a3amu, CUCTeMbl NPeobpa3oBaHUs CUrHa-
NOB, LNPpOBbIE BULEOKOHBEPTEPDI, TOUHOCTb MHTepdEpPOMeTpa, CUHTE3 NOAOCH HacToT

Ansa untuposaHus: Konsuos H. E., peHkos C. A, ®egoTos J1. B. CpaBHeHMe pagnonHTepdepoMeTpoB C aHa-
JIOrOBLIMW U LNPPOBLIMU CUCTEMaMU BblAENEHNS perncTpupyemelx curHanos // W3B. By3os Poccuun. Pagmo-
anekTpoHuKa. 2020. T. 23, Ne 2. C. 6-18. doi: 10.32603/1993-8985-2020-23-2-6-18

KOoH$NUKT MHTepecoB. ABTOPbI 3asiB/ISAOT 06 OTCYTCTBUM KOHGNNKTa MHTEPECOB.
NcToUHNK pUHAHCUPOBAHUS: VIHCTUTYT NPUKNAAHON acTPOHOMMUK Poccritckoil akagemum Hayk.

CraTtbsa noctynuna B pegakumio 26.11.2019; npuHaATa K nybankaumm nocne peueHsnposaHms 28.02.2020;
onybnnkKoBaHa oHnariH 29.04.2020

CpaBHeHue paanonHTepdepoMeTPOB ¢ AHAJOrOBLIMH M UG POBHIMHU CUCTEMAMU 7
BbIJI€JICHUSI PETHCTPHPYEMbIX CHTHAJIOB
Comparison of Radio Interferometers with Analog and Digital Extraction of Recorded Signal



N3Bectns By3oB Poccun. Pagnosnexrponnka. 2020. T. 23, Ne 2. C. 6-18
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 2, pp. 6-18

Introduction. Data acquisition systems (DAS)
are widely used in radio telescopes with very long
baseline interferometry (VLBI) networks. These sys-
tems are capable to extract signals with relatively
narrow (up to 32 MHz) AF bands from a wide (up
to 1 GHz) band of intermediate frequencies (IF) that
followed by their conversion to base band frequen-
cies and digital recording [1, 2]. This class of system
also includes R1002M 16-channel DAS [3] which
are installed on RT-32 VLBI radio telescopes in the
Quasar VLBI Network [4]. Signals with AF bands
are extracted from a noise IF signal with a band of
0.1...1 GHz using analog quadrature frequency con-
verters (QFC) and digital downconverter. The ex-
tracted signals are amplitude-quantized and format-
ted according to the international VDIF standard [5]
or the VSI-H format [6], followed by the transmis-
sion of the received observation data for processing
by VLBI correlators [7, 8]. For VLBI observations
by astrometry and geodetic programs the signals of
5-8 frequency channels with bands of AF =8 or
16 MHz are extracted from the IF band and pro-
cessed using the method of wide band frequency syn-
thesis [9].

In recent years the transition to compact radio tele-
scopes with digital systems for recording broadband
signals (from 0.5 to 1 GHz) has become the main direc-
tion in of the development of VLBI [10, 11]. Such sys-
tems are essential both for the creation of new genera-
tion VLBI complexes [12, 13] and for the development
of radiometry as a whole [14]. For example, the RT-13
13-meter VLBI radio telescopes was incorporated with
digital systems for converting broadband signals that
have eight channels and able to record IF signals with
Bp =512 MHz bands at a sampling frequency of

Fq =1024 MHz [11]. Processing of high-speed data

streams received by the system channels (2048 Mbit/s
per channel) are carried out by specialized software
VLBI correlators [15].

In order to integrate radio telescopes with broad-
band channels into existing VLBI networks, where
narrowband signals of base band frequencies are rec-
orded and processed, the signals with relatively nar-
row bands should be extracted from a high-speed
digital IF signal and converted to base band frequen-
cies (0..AF). This operation can be performed by
digital modules on a field programmable gate array
(FPGA) that containing polyphase filters (PPF) and
base band converters (BBC) [16]. In terms of struc-
ture and clock frequency the data stream generated

by such modules is similar to that received using
R1002M DAS. As a result, it becomes possible to
integrate RT-13 radio telescopes registering broad-
band signals with both the Quasar VLBI Network
and international VLBI networks that recording nar-
rowband signals.

In this regard, it is important to determine the ef-
fect of replacing analog DAS with digital signal ex-
traction modules on the sensitivity of radio interfer-
ometers and the measurement accuracy of interfero-
metric group delays of the t received radiosignal.
This information is essential both for the rational
planning of VLBI observations using heterogeneous
signal conversion systems and for the selection of
reference sources for radiosignals. In addition, this
information can be used for developing multifunc-
tional digital systems for converting signals with
Bp =512 MHz bands (sampling frequency of

Fq = 2048 MHz with the aim of upgrading the exist-

ing RT-32 radio telescopes and equipping new com-
pact radio telescopes.

In this article we set out to investigate the effect
of the loss of instrumental sensitivity by radio inter-
ferometers equipped with different systems for ex-
tracting recorded narrowband signals from a wide IF
band. To this end we compare the sensitivity and ac-
curacy of measuring the interferometric group delays
of signals using an interferometer with extracting
registered narrowband signals digitally and an inter-
ferometer with an R1002M DAS.

In connection with the development of VLBI radio
telescopes with ultra wide-band radio astronomy receiv-
ers (RR) [17, 18] and registration systems for broadband
signals [10, 11], the possibility of synthesizing a frequen-
cy band exceeding the passhand of the receiving channel
(up to 1 GHz) is of particular significance. The receivers
of RT-13 radio telescopes [19] have three receiving
channels for each frequency range and for any of two
circular wave polarizations, thus allowing the frequency
bands up to 2.5 and 6 GHz wide to be synthesized in the
X (7...9.5 GHz) and K range (28...34 GHz), respective-
ly. Since the effectiveness of such an approach has not
been clarified yet, it is of interest to compare the parame-
ters of a multichannel interferometer that registering nar-
rowband signals (up to 16 MHz) digitally for a subse-
quent synthesis of a broadband signal, with those of an
interferometer recording in parallel (without synthesis)
up to three broadband (0.5 or 1 GHz) signals.

Determination of the sensitivity of interferom-
eters based on different systems for extracting
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recorded signals. The sensitivity of a radio interfer-
ometer is characterized by the ratio of the correlation
response peak to the root mean square deviation
(RMSD) of the residual noise at the output of the
correlator. For a single-channel interferometer with
the AF band of signal recording, the signal-to-noise
ratio at the peak of the correlation response is de-
fined as:

Ry = x4/ 20102AF

where y <1 is the coefficient that taking into ac-

count the loss of sensitivity in the receiving and re-
cording channels of radio telescopes and in the corre-
lator of the interferometer; q=Ts/T,, is the ratio of

the T received signal noise temperature to the T,

temperature of the radio telescope set noise at the RR
input; t, is the source observation (scanning) time

[8]. Subscripts 1 and 2 indicate the serial numbers of
the interferometer radio telescopes. VLBI measure-
ments are usually performed at Ry > 7.

Let us represent the coefficient of hardware sen-
sitivity loss by the y =ygyxo product, where the first

term represents the losses in the broadband receiving
and amplifying channels, as well as in the device for
separating the recorded base band frequency signals,
while the second term represents the losses in the
digital processing and correlation devices of the ex-
tracted base band frequency signals.

The yq value is determined mainly by losses

arising during amplitude quantization of digital sam-
ples of the noise signal (12 or 36.3 % for four- or
two-level quantization, respectively), as well as by
losses involved with the correlation processing of
base band frequency signals, accounting together for
about 13 % [9]. For radio interferometers with nar-
rowband channels, including those in the Quasar
VLBI Network with R1002M systems, as a first ap-

proximation, xo =0.76 or yg~0.55 can be taken
for four- or two-level quantization, respectively. These
%o values remain valid for an interferometer based on

digital signal extraction systems, since the methods of
amplitude quantization, formatting and correlation
processing of narrowband signals remain the same.
For assessing the quality of signal extraction
channels, it is sufficient to compare the yg loss co-

efficients for interferometers with digital signal ex-
traction systems (yp) and those with analog

R1002M DAS (14 ).

In RT-32 radio telescopes the RR is connected to
the DAS by a coaxial transmission line containing
power amplifiers with corrections for the non-
uniformity of attenuation in the 0.1...1 GHz IF band
(Fig. 1). In the DAS IF signal is distributed over base
band converters each of which comprises a quadra-
ture frequency converter (QFC) equipped with diode
mixers and AF band analog low-pass filters (LPF), a
pair of analog-to-digital converters (ADC) and a dig-
ital phase signal splitter (PSS) separating the signals
of the upper and lower side bands. After the four-
level quantization of amplitudes the digital signals
with AF bands are fed to the data formatter of the
Mark 5B+ recording terminal [20] followed by
transmission of the observation data to the correla-
tion processing center.

When the y coefficient is calculated using an
interferometer with an DAS R1002M, account is
taken of the losses associated with the distortion of
signals in the receiving-amplifying channel from the
input of the RR to the ADC in the DAS base band
converter. In general,

%A =xo] [(1-0.01n;),
i

where n; are the losses related to the i-th factor (in

Amplifier with AFC | o — | Amplifier with AFC
‘ corrector corrector

———— — o —

F
ADC|— 2 ﬂ Quantizer H—»
o
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—»+— = |-|Analog QFC
)
a

IF distributor

Base band converter

ADC

- I
—I Quantizer I—o—>
I

—————— e a1

— Base band converter

Fig. 1. A System for Extracting Narrowband Signals at the RT-32 Radiotelescope
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percent). Losses of about 3 % result from distorting
the signal by the phase noise from super-high fre-
quency heterodynes of the RR. Distortions of the
narrowband signal in the RR with a wide passband
can be neglected, since the amplitude-frequency
characteristic (AFC) and phase-frequency character-
istic (PFC) of the receiving channel are formed by
the narrowband low-pass filter of the base band con-
verter. In the IF signal transmission line, due to the
non-uniform AFC of power amplifiers and the resid-
ual slope in the AFC of the coaxial cable (uncompen-
sated attenuation nonuniformity), signals with AF
bands in individual frequency channels are suscepti-
ble to distortion. The distortions of the channel AFC
due to the slope of the spectrum leads to the loss of
the interferometer sensitivity of up to 2 %.

A significant loss of the interferometer sensitivity
may occur due to the non-identity of the AFC of ana-
log filters in the base band converters of an interfer-
ometer radio telescope pair. Technological variation
in the filter parameters, temperature changes and
aging of circuit elements can also result in the oscil-
lation and slope of the AFC in the channel passband.
In R1002M DAS base band converters, the AFC
identity and PFC linearity of the channels are signifi-
cantly increased due to digital filters forming the
AF band and digital PSS separating sideband sig-
nals with an isolation of more than 42 dB. The noise
of the mirror channel is practically eliminated, while
moire noise is suppressed by a pre-filter (switchable
filters) at the input of the base band converter. Non-
linear distortion of signals in the channel with digital
filters is also practically absent. The quantization
noise of the analog signal can be neglected, when the
number of ADC bits equal to at least 8. Losses aris-
ing for the aforementioned reasons account for about
2 %. Minor (about 1 %) sensitivity losses occur due
to noise from heterodyne signals, the RMSD of
which is reduced to 2° [3]. The loss of the interfer-
ometer sensitivity due to signal distortion in the
R1002M DAS comprises about 3 % in total.

In general, for an interferometer with analog sig-
nal extraction channels of base band frequencies, the
coefficient of hardware sensitivity loss can be taken
as ya = 0.92y.

In interferometers based on digital conversion sys-
tems for broadband signals, the ADC operates at the
sampling frequencies of Fy =2048 MHz (with the reg-

istration band of By =1024 MHz) or Fy =1024 MHz

(with the band of By =512 MHz). From the received

high-speed (broadband) digital signal, narrowband sig-
nals are extracted using an FPGA-formed PPF module
and BBC (Fig. 2). A digital input signal with a Fq sam-
pling frequency is distributed by the demultiplexer (DM)
over the N channels of PPF with decreasing frequency to
the FPGA value of clock frequency F,. <550 MHz.

Complex signals at the PPF outputs are divided into N
real signals with B =By/N bands by the splitters

(PSS) in phase-shifting filters. From the obtained band
signals, signals with the AF specified bands are extract-
ed by BBC. The selected signals are quantized in ampli-
tude and formatted similar to those in the DAS R1002M
channels.

In radio astronomy equipment that based on FPGA,
it is convenient to use BBC operating with a clock fre-
quency of F, =128 or 256 MHz [11] which are tuned
by digital heterodynes [21] in the frequency bands up to
64 or 128 MHz, respectively. When using heterodynes
with a clock frequency of 512 MHz [22], the tuning
range of the BBC is expanded to 256 MHz. However, in
the latter case, preliminary filtering of the input broad-
band signal is also necessary.

During polyphase filtering in the near-zero fre-
quency range and at the frequencies multiple of F,

the signals are distorted. Distortions also occur near
the frequencies multiple of 0.5F, where the signal
spectra partially overlap at the edges of adjacent B;.

bands. Thus, in order to be capable of extracting sig-
nals of any frequencies without distortion, the mod-

f I
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___________________________________________________ 1
FdZZBO
Fig. 2. System for Extracting Narrowband Signals from a Digital IF Signal
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ule is equipped with two (main and additional) N-
channel PPFs (Fig. 3) [23]. In the channels of the
additional PPF the input broadband signals enter

through quadrature frequency converters. The Uy,
and Uy heterodyne quadrature signals have a fre-
quency of F, /4. In this case the signals at the out-

puts of the phase selectors in the channels of the ad-
ditional PPF are shifted by half the band relative to
the output signals in the channels of the main PPF.

At the outputs of the main N-channel PPF, com-
plex signals are formed

N-1(L-1
yn ()= Z{Zx[L(r—I)—(L—l)n]hn(I)}x
i=0 (=0

xexp( j2mni/N), 1)

where n is the serial number of the output signal
code; L is the order of the filters for the hy,(r)

weight functions; j is the imaginary unit. The weight
function affecting the distribution of energy between
the main and side lobes of the spectral function for
the output signal has the form:

hy (r) =0.5[1—cos(2rr/LN)sinc(r/L—0.5N) ],

where sinc(g) =sinc(g)/s.

In RT-13 radio telescopes, a digital broadband IF
converter is located next to the RR by means of a
fixed short (less than 1.5 m) coaxial. The signal spec-
trum at the ADC input is formed by a broadband IF
filter. Here, the sensitivity losses associated with dis-
tortions of signals in the IF signal transmission lines
are eliminated; however, the losses (up to 3 %) due

to signal distortions in frequency converters by het-
erodyne phase noise are still present. All filters in the
signal extraction channel are digital, thus ensuring a
high stability of the receiving and recording channel
parameters during the antenna movement and chang-
es in external climatic conditions. Therefore, the PFC
linearity is guaranteed, and distortions in the AFC
shape of the receiving and recording channel are
minimized (distortion and oscillation of AFC, devia-
tions in the passhand, frequency tuning shift). The
loss of sensitivity due to the AFC nonidentity of the
interferometer channels is lower than

0.3 %. The AFC side lobes of the PPF channel
are attenuated by 30 dB. Due to out-of-band noise
penetrating the side lobes, the signal-to-noise ratio in
the 8-channel PPF decreases by about 0.7 %.

In digital signal extraction systems, insignificant
losses appears due to the bit depth limitations (trun-
cations) of the codes in the PPF, PSS and BBC. In

calculations according to (1), 8-bit codes of the x(i)
input signal and 16-bit codes of the h,(r) weight

function are multiplied, while L =16 products are
summed. The codes obtained at this stage are trun-
cated to 9 bits. At the stage of multiplying these
codes by 16-bit codes of the exponential function and
adding the N =8 obtained results, the output signal
codes are truncated to 12 bits. As a result of code
truncations, the signal-to-noise ratio in the PPF
channel decreases by 0.16 %. A decrease in the bit
depth of the codes to 14 in the band signal phase se-
lector does not result in any noticeable loss of sensi-
tivity. In the BBC heterodyne, the resolution of the
current phase codes decreases to 10, corresponding
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to a RMS phase noise of the heterodyne signal of
0.1°. Losses associated with such a phase noise are
negligible. Amplitude fluctuations of heterodyne sig-
nals represented by 10-bit codes have little effect on
the signal-to-noise ratio in the frequency converter.
Almost no change in the signals of the base band
frequencies caused by signal-to-noise ratio is ob-
served at the outputs of the QFC, while limiting their
bit depth to 15. The total sensitivity loss introduced
by the digital narrowband signal extraction module
does not exceed 0.5 %.

In the digital module, the total decrease in the
signal-to-noise ratio is significantly lower than the
loss resulting from signal distortion by phase noise of
the RR heterodynes. Taking into account all losses
for an interferometer with digital narrowband signal
extraction systems, the loss coefficient can be taken
equal to xp = 0.96y. For an interferometer with the

same antennas and RR, but with different types of
narrowband signal extraction systems, ya = 0.94y.

The sensitivity of interferometers can be slightly
increased (up to 4 %) by replacing the standard
R1002M DAS in RT-32 radio telescopes with the
considered modules for digital extraction of narrow-
band signals. A slight improvement in sensitivity has
little effect on the accuracy of determining the t in-
terferometric group delay of the received radio sig-
nal. Under Ry > 7, the greatest effect is produced by

factors unrelated to the signal registration system,
including errors in tracking systems for Doppler fre-
quencies and ephemeris, errors in measuring group
delays of signals in the receiving and recording
channels of radio telescopes and discrepancies in the
time scales of data formatters in radio telescopes. In
addition, for angular and coordinate-time measure-
ments by VLBI methods, account should be taken of
the state of the atmosphere; however, the accuracy of
such corrections may be insufficient.

A radio telescope with a digital signal extraction
module can be operated both in a multichannel interfer-
ometer mode with registration of narrowband signals
and in an interferometer mode registering broadband IF
signals. During the VLBI observations conducted at the
Zelenchukskaya and Badary observatories, the parame-
ters of the Quasar standard radio interferometer (two
RT-32 radio telescopes with R1002M DAS) and an
interferometer with different types of radio telescopes
(RT-32 with DAS and RT-13 with a digital signal ex-
traction module) were compared. The tests confirmed
the possibility of integration radio telescopes with dif-

ferent systems of signal conversion in the VLBI net-
work and the possibility of operating a RT-13 radio
telescope in the Quasar VLBI Network.

Accuracy assessment of a multichannel inter-
ferometer providing digital signal extraction. For
an M-channel radio interferometer with the synthesis
of a wide frequency band, the RMSD calculated by
the interferometric delay correlator is defined as [8]:

1

: 2
21 qBg \/2M AFt, 2

where q=,/qqq; Bg is the effective frequency

band; AF is the band of registered signals. In this
case:

o, (M)=

1 M 2
Be = VZ(f0r+fav) :

r=1

where fq, is the average frequency of the narrow-
band signal extracted by the channel with the r
number; fa, =0.5( for + fop ). Formula (2) deter-

mining the potential accuracy of the interferometer is
derived for an ideal interferometer having the same
group delays of the signals in the receiving and re-
cording channels of radio telescopes, precisely aligned
time scales and an absolutely accurate correlator.

The frequencies of the extracted signals in the

Bsynth synthesized frequency band during VLBI

observations are chosen such that it could be possible
to extrapolate the signal phases from one frequency
to another without 2z uncertainty and to construct a
linear dependence of the recorded signal phases to
the frequency with the greatest possible accuracy. In
one of the recommended options, the frequency spac-
ing between adjacent channels doubles as the r chan-
nel number increases [8]. The minimum frequency
interval of w= fp, — fy; is chosen such that the res-

olution function calculated by the correlator had no
additional large-amplitude spikes, which could be
confused with the main peak. Under a weak signal

(q<1), it can be taken that w=~4AF and
Be ~0.4Bgynen [9]. In this case, for synthesizing a
Bsynth =15W+ AF ~ 61AF

digital in the

(Bsynth =976 MHz

signal

frequency band at

AF =16 MHz or 488 MHz at AF =8 MHz), it is
sufficient to place 5 channels with the AF bands in
the RR passband of By ~1 GHz . In the RT-13 radio
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telescope, the former option can be implemented
using one RR channel and two channels of the stand-
ard digital signal recording system  with
Bp =512 MHz bands. The latter option requires one
channel with a 512 MHz band.

In the synthesis of a frequency band not exceed-
ing the IF bandwidth (Bsynin <Bp), the o (M)
mean square error of the M-channel interferometer is

always greater than that of a single-channel interfer-
ometer with a B recording band defined in [9] as

\/ﬁ/[ZTEXQBodZBotO :|

Provided that the interferometer contains m par-
allel channels registering broadband IF signals and
after averaging m results, the RMSD of the calculat-
ed interference group delay will be

B3
m(qBy+/2MmBoty

Based on (2) and (3), in the synthesis of the fre-
quency band within the passband of the receiving
channel (Bsynth ~ BR ) the relation is formed:

o: M) _ By jom TIIMAF ~
OB (M) BE
~_B0 JmBy /12M AF .
0.4B

R

3)

G1B (m) =

(4)

This formula can be used to determine the mini-
mum value of the synthesized frequency band, under
which the accuracy of determining the interferomet-
ric delay exceed that obtained by an interferometer
with broadband channels without band synthesis.

Results. The use of the digital method for ex-
tracting narrowband signals at radio telescopes pro-
vides a minor (about 4%) reduction in the sensitivity
loss of the radio interferometer, without affecting the
accuracy of measuring the interference group delay
of the signal. When replacing analog narrowband
signal extraction systems with digital systems, the

accuracy of a multi-channel radio interferometer with
frequency band synthesis remains unchanged.

As follows from (4), the accuracy of determining
the signal interferometric delay by a five-channel
interferometer with the bands of AF =8 MHz in the

synthesis of the Bgynn = Bg =512 MHz frequency

band will be 2.5 times lower than the accuracy of a
single-channel interferometer with a band of 512
MHz. The accuracy of a five-channel interferometer
with the AF =16 MHz bands in the synthesis of the

Bsynth ~ BR ~1GHz frequency band will be 30 %

lower than the accuracy of the interferometer with
two broadband channels overlapping the passbhand of
the RR (2By ~ Bg ).

One direction in the development of VLBI (in-
ternational projects VLBI 2010 and VGOS) involves
the synthesis of a frequency band significantly ex-
ceeding 1 GHz. The antenna irradiator and three-
channel RR of the RT-13 radio telescope with the
Br ®1GHz bandwidths [19] allow a frequency

band of up to 2.5 and 6 GHz in the X and K wave-
length range, respectively, to be synthesized. This
task can be achieved by using three RR channels,
four ADCs of a standard signal recording system
with bands of 512 MHz and a module for digital ex-
traction of narrowband signals (Fig. 4). The signal
extraction device is realized in the FPGA of the
XC7K325T type. After formatting the extracted sig-
nals with the AF bands according to the VDIF
standard, an Ethernet 10G data stream is generated
and transmitted through the X2 electron-optical
transceiver to the radio telescope server and to the
center of correlation data processing.

For synthesizing the Bgyng, frequency band ex-

ceeding the passband of the 1 GHz receiving channel,
when working with the three-channel RR of the RT-13
radio telescope, the FPGA provides 4 PPF modules, 8
BBCs with four-level sample quantizers and a VDIF
formatter with output to the fiber-optic data trans-

|
RR PPF module |— !
5 =y
RR PPF module |— % ] . >l : Y
ch. 2 gl : : 2l 2
( PPF module | § £W] E
PS| RR DBBC £ : 3
ch. 1 PPF module | -
FPGA XC7K325T |
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mission channel. The channel RR 1, extracting a
broadband signal in the lower part of the operating
frequency range, is connected to two ADCs through
filters with adjacent passband (10241536 and 1536-
2048 MHz). It is sufficient to connect one ADC with
a filter of 1024-1536 MHz to the two remaining
channels of the RR.

In the X frequency range, when synthesizing a
frequency band up to 2.5 GHz, 2 RR channels with 1
GHz bandwidths, 3 ADCs digitizing signals with

Bp =512 MHz bands, 3 PPF modules and 7 ADCs
can be used (Fig. 5, a). Under AF =8 MHz and
w= fgp — fp1 =32 MHz in the X band, up to seven

signals with fyq, ... fo7 bands are extracted and rec-

orded. In this case, the f, =f — f, frequency

scale is counted from the lower boundary of the
fmin = fop —0.5AF received band. Under the previ-

ously mentioned doubling of the frequency interval,
as the channel numbers of the registered signals in-
crease, it is sufficient to use five BBCs for extracting
the registered signals within the bandwidth of one
RR channel (Bsymh slGHz) (Fig. 5, @)

Across the K frequency range, a frequency band of
up to 6 GHz can be synthesized using three RR chan-
nels, four PPF modules and seven BBCs with the
AF =16 MHz bands (Fig. 5, b). Under w =45 MHz
and a similar arrangement of signals in terms of fre-
quency, the number of extracted signals can be poten-
tially increased to 8. However, due to the absence of a
fourth RR channel, the registration is limited to 7 sig-
nals (excluding the signal at a frequency of fyg) which

is permissible during the frequency band synthesis.
A positive effect of the frequency band synthesis

can be obtained provided that c.o(M)<o.g(m)

when
mBo
B >0.72By,|———. 6
synth 0\/ M AF (6)

When using three receiver channels of the RR
and four PPF modules, the synthesis of the frequency
band in an eight-channel interferometer with the
bands of AF =8 MHz can theoretically improve the

accuracy of determining interferometric delays
(compared with three autonomous broadband chan-
nels) in synthesizing the Bgyne >5.1 GHz frequency

band. This is possible in the K frequency range
(28...34 GHz). When using two RR channels and
three PPF modules, condition (6) for an eight-
channel interferometer with AF =8 MHz bands is

satisfied at Bgypey >1.8 GHz. This mode can be im-

plemented in any of the considered ranges (X or K).
When synthesizing an extremely wide frequency
band (Bsymh > BR) it becomes more difficult to

align signal delays in the receiving channels of the
radio telescope while providing a high accuracy of
phase function linearization versus frequency during
data correlation processing. Apparently, as compared
to an interferometer recording broadband IF signals,
no significant improvement in the accuracy of VLBI
measurements by a narrowband multichannel inter-
ferometer with a frequency band synthesis should be
expected.

When extracting narrowband signals exclusively

from the RR passband (Bgyyn <Br) the interfer-

ometer sensitivity and the accuracy of determining
the interferometric delay are reduced in comparison

for 2 10 fu Y Y | o |
1
0.5 1.0 15 2.0 25 f,, GHz
= - < = -
for fo2 foz  fos fos fos for
L1 1 | T | | . | | 1
0 0.5 >|1.o 15 2.0 2.5 3.0}
BRl BRZ //
//— ____________________________________________________ -
( fos
L | | | | 1
3.0 35 4.0 45 5.0 55 f,, GHz
Brs
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with the interferometer operating in the registration
mode of the broadband IF signals. However, in the
mode of registering several AF narrowband signals,
the total stream speed of data transmitted to the corre-
lation data processing center decreases significantly,
thus permitting the connection of the radio telescope
to VLBI networks using narrowband signal correlators
[8]. For example, in an interferometer recording 8 sig-
nals with 16 MHz bands (see Fig. 5, b), the total speed
of the information stream under four-level quantiza-
tion is 512 Mbit/s. An interferometer recording 4 sig-
nals with 512 MHz bands provides a stream with a
total speed of 8192 Mbit/s. An increase in the speed of
the data stream leads to stricter requirements for radio
telescope servers, fiber-optic communication lines
between radio telescopes and data processing centers,
as well as VLBI correlators.

Discussion. According to the obtained results, a
conclusion can be made about the advisability of
installing digital signal conversion systems on the
RT-32 and RT-70 (Ussuriysk) radio telescopes in-
stead of the standard R1002M DAS with analogue
extraction of narrowband signals. This replacement
will improve slightly the sensitivity of the interfer-
ometer (approximately 4%), at the same time as leav-
ing the accuracy of measuring the interferometric

group delays of the received signals practically un-
changed. However, in digital systems, the complex
channels for amplifying and transmitting broadband
analog IF signals are replaced with fiber-optic digital
signal transmission lines. Therefore, in terms of per-
formance and reliability, digital systems provide dis-
tinct advantages.

In addition, the use of the developed digital sys-
tem allows radio telescopes to be operated in the reg-
istration mode of broadband IF signals, thus signifi-
cantly increasing the sensitivity of interferometers
and expanding the list of available reference sources
used in VLBI observations.

After completion of the ongoing development of
antenna irradiators and ultra-wideband receivers for
RT-32 radio telescopes, it will be possible to synthe-
size frequency bands wider than 1 GHz and to im-
prove the accuracy of VLBI measurements.

The developed method for a digital extraction of
narrowband signals from the IF bandwidth is applied
in a new multifunctional signal conversion and regis-
tration system aimed at upgrading existing radio tele-
scopes of the Russian Quasar VLBI Network and
equipping novel compact radio telescopes [24]. This
system is capable of rapidly switching the modes of
radio astronomy observations.
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