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ABSTRACT. This article is a continuation of the work
published in (Orlov, 2018). A method of multi-frequency
beamforming of a radio interferometer is proposed. The
model diagram is presented, which consists of two antenna
arrays, filters, receivers and a signal summing circuit. The
model works as follows. The signals received by the
antennas pass through the narrow-band filters of the
receiving devices, which are tuned to certain frequencies,
after which they are subjected to multiplicative processing
and weighted summation with their coefficients.

In this work, model the system of a radio
interferometer based on  multi-frequency  signal
processing, and study the possibilities of minimizing the
level of side lobes of the antenna pattern (AP). It is shown
that a decrease in the level of side lobes is possible due to
the expansion of the frequency range or the application of
signal processing from several clusters (antenna arrays),
due to their summation in the interferometer circuit. For
the case of three bases of the interferometer, consisting of
the same antenna arrays, the total AP is calculated. In this
case, a significant reduction of the side lobes to the level
of the side lobes of a single antenna array is achieved.
Further optimization of the radiation pattern can be
carried out by choosing the frequency ranges of the
interferometers and weights when summing the signals.

The proposed method makes it possible to adapt the
interferometer AP due to time processing in frequency
channels. The choice of the frequency grid and weighted
multi-frequency signal processing provide a decrease in
the level of side lobes and increase the resolution of the
instruments. The application of the proposed algorithms
will reduce the confusion effect from closely spaced radio
sources. The computational possibilities of weighted
processing are realized in real time, taking into account
the rotation of the Earth, scanning the AP and angular
arrangement of radio sources.
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AHOTANIA. s crarts €  OpPOJOBXKECHHSIM
omybaikoBanoi podotu (Opmo Ta in., 2018). 3ampomo-
HOBaHO METOJI MHOTOYacTOTHOrO (DOpMyBaHHS Aiarpamu
CHPSIMOBAHOCTI (01(09) panioinrepdepomerpa.
IlpencraBnena cxema MOJENI, SIKa CKIAQNaeThci 3 ABOX
AQHTEHHUX PELIITOK, QUIbTPIB, NPUIMAIBHUX MPUCTPOIB 1
CXeMH IMiACYMOByBaHHs curHaniB. Ilpamoe Moxenb
HACTYIIHUM 4HHOM. IIpuWiHATI aHTEeHaMH CHTHAIH
HPOXOIATh Yepe3 BY3bKOCMYTOBi (iNbTpH NMpHAMAaIbHUX
MPUCTPOIB, SIKi HANAIITOBaHI HAa TIEBHI YaCTOTH, MICIIA

4Oro TiAMAIOTBCA  MYJIbTHUILUTUKATABHON  00poOIi i
BaroBOTO MiICYMOBYBAaHHS 31 CBOIMHU KOe]ili€eHTaMH.

Y poboTi TPOBOIUTHCS MOJIENIOBAHHS  CHCTEMH
pamioiHTepdepoMeTpa Ha  OCHOBI  MHOTOYACTOTHOM
00poOKHu CUTHAIB,  JOCTIUKYIOTBCS ~ MOMJIMBOCTI
MiHiMi3anii piBes Giunnx nenroctki [IC. IlokaszaHo, mo
3MEHILICHHS PiBHS OIYHMX HEIIOCTOK MOSKIJIMBO 32 PaxyHOK
PO3IIMPEHHs  Jiarna3oHy 4YactoT abo  3acTOCyBaHHS
00pOOKM CHTHaNIIB BiJ JIEKIJIBKOX KJacTepiB (@HTEHHUX
PELITOK), 3a paxyHOK IX TiJICyMOBYBaHHS B CXeMi
iHTepdepomeTpa. Jois BUIAJIKY TPBOX 6a3
iHTepdEepoMeTpa, MO CKIAAAETHCS 3 OJHAKOBUX aHTEHHHUX
pemritok, po3paxoBana cymapHa /IC. B mpomy BUmaky,
JIOCSATAETHCS 3HAYHE 3HWKEHHS OIYHUX TEIOCTOK JIO PiBHS
OIlYHMX TIETIOCTOK  OJWHOYHOI aQHTEHOI0  PEIIiTKH.
[Momamemia  ontumizamis  JC  Moxke  3aificHIOBaTHCS
BHOOPOM [liana3oHiB 4acToT iHTep(epoMeTpiB i BaroBUX
Koe(iLieHTIB IPH MiJICyMOBYBaHHI CUTHAJIB.

3anpornioHoBaHWi MeToj ao3Boisie anantyBatn JIC
iHTepdepomMeTpiB 3a paxyHOK THMYacoBOi 0OpoOku B
YaCTOTHMX KaHajax. Bubip ciTkm wuactor 1 BaroBa
MHOroyactoTHa  00poOka CHTrHamiB  3a0e3NeuyloTh
3HIDKCHHST PIiBHA OIYHMX  IETIOCTOK,  ITiIBUIIEHHS
PO3IIMBHOT  3IATHOCTI  IHCTPYMEHTIB. 3acTOCYBaHHS
3alPOIIOHOBAHUX ~ ITOPUTMIB  JIO3BOJITH  3MEHIIUTH
epeKT CIUTyTyBaHHA Big OJHM3BKO  PO3TANIOBAaHUX
pamiomxepen. OOYHCTIOBANBHI MOXXJIMBOCTI — Barosiit
00pOoOKHM MOXYTh OyTH peayi3oBaHi B pealbHOMY dHaci 3
ypaxyBaHHsM oOepranHs 3emii, ckanyBanHs JIC i
KyTOBOT'O PO3TalllyBaHHS palioJKEpeEl.

Kuarouosi cJIOBA: aHTEHHa pelriTka,
panioinrepdepomerp, onTHMIi3alis, Jiarpama
CIPSIMOBAHOCTI.

1. Introduction

The development of the low-frequency range in radio
astronomy is currently accompanied by a sharp increase in
the number of new radio telescopes with large antenna arrays
(LOFAR, LWA, GURT, NenuFAR, etc.). The purpose of
these changes is to improving the quality of resolution when
evaluating the parameters of space radio sources.

The desire for the effective use of decameter and low-
frequency meter wavelength ranges in radio astronomy
leads to the need to improve hardware and algorithmic
means. These improvements are necessary for: increasing
the sample size of the signal when evaluating the
parameters of celestial bodies, increasing noise immunity,
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as well as improving the quality of the antenna pattern
(AP) with limited aperture sizes (Megn, 1997;
Konovalenko, 2016). An effective way to increase the
sample size of a signal is the property of the broadband
signal, due to which, the accumulation of samples can be
carried out at several frequencies (Megn, 2000; Shaw,
1965; Shepelev et al., 2017; Shepelev et al., 2019). In this
case, it is necessary to take into account the dependence
of the shape of the AP on the carrier frequency, especially
the width of the main and side lobes. The development of
digital technology for multi-frequency signal reception in
the range of 10-200 MHz also creates the prerequisites for
the application of optimal algorithms for the formation of
AP in real time without changing the apertures of the
antennas of the radio interferometer.

This article proposes algorithms for optimizing AP by
processing signals at several frequencies. The system of a
radio interferometer is simulated on the basis of multi-
frequency signal processing, explores the possibility of
minimizing the level of the side lobes of the AP.

2. The model of the studied system

The system under study based on multiplicative signal
processing (fig. 1) consists of 2 antenna arrays AR, AP, ,

the signals from whose outputs pass through are @y,
@y narrow-band filters 1=1,..,L of receivers tuned to

o, frequencies, then subjected to MP and weighted

summation with coefficients g .

The model of a monochromatic point source of a
signal from the outputs of a pair of filters of the
| frequency channel of two omnidirectional antennas can
be represented as

Uy (t) =U exp{j(ar(t+t) + ¢} =
=Uexp{j(at+gy +y)}
Uy (t) =U exp{j(a (t—to) + ¢p } = 1)
=Uexp{j(ant+gy —v)}
where tg — the delay time of arrival of the wave front along
the aperture of MP, the size of which d =A1/2=av/w is
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Radiometry system with multi-frequency

matched with the wavelength A, main (first) carrier
frequency = @;, speed of wave propagation Vv,
v = oty = (o) / w)cose — the phase of spatial delay of
the wave front arrival at the frequency @, , ¢ — the angle

of the wave front arrival relative to the normal of AP base,
@, — the initial phase. It is assumed that in filters @y,

@,, I=1.,L, the amplitude, phase and mutual

frequency distortions are eliminated to the accuracy of
power leveling in frequency channels

P=R=(U,*U,), I=1.,L, where < > are the

averaging symbols of the process over time.

In (Orlov, 2018), a method for optimizing the weight
processing of this model for radiometry is considered and
it is shown that the level of side lobes can be reduced by
more than 15 dB with a slight expansion of the main lobe
of the antenna pattern.

3. Antenna pattern optimization of the multi-
frequency radio interferometer

The possibilities of lowering the level of the side
lobes of the AP are investigated. The frequency response
is formed by summing the signals from the outputs of the
frequency channels of the interferometer in the frequency
separation range (narrow, compared with the previous
algorithm), with a deviation from the reference frequency
The frequency response is formed by summing the signals
from the outputs of the frequency channels of the
interferometer in the frequency separation range (narrow,
compared with the previous algorithm), with a deviation
from the reference frequency o = e; within (1 ...1.5) o.
The output signals of adjacent equidistant N — element

antenna arrays 1 and 2 at an arbitrary carrier frequency,
taking into account (1), have the form

N
Uy (8) = D U exp{ jla (t+to(i — D]+ g } =
i=1

N
=Y Uep{il@t+gy +i—Dy)}= 2
i=1
_Usin(Ny, /2) . 3
_—sin(y/|/2) exp{j(at+eog +(N -Dy, /2)}
Un () =%em{j(aﬂt+m ~(N -1y, /2)},

where is y; = oty =7(ay /w)sing - the phase of the
spatial delay of the arrival of the wave front at a
frequency o, @— is the angle of arrival of the wave

front relative to the normal to the AP, taking values in the
interval [-7z/2,7/2]. Then the output signal after

summing the responses of the frequency channels is
determined

Uou = Re{Ul,IUE,I}:

12 S sin(Ny, /2) 2 .
=U ;gl(sin(l/q/Z) cosfy, (N -1}

®)



102

Odessa Astronomical Publications, vol. 32 (2019)

10 15 Y, deg

Figure 2. AP of the interferometer at one frequency and
with averaging in the frequency range.

The output signal of equidistant N-element antenna
arrays 1 and 2 (spaced a distance wich is M times more
than the size of each antenna array) at an arbitrary carrier
frequency, taking into account (1) - (3), has the form

Uou = Re{UlIU;I}:

_u? sin(Ny, /2)
,Z;‘ (sm(x//,IZ)

The formation of broadband AP is carried out by
summing the signals from the outputs of the frequency
channels (4), i.e. averaging over a frequency range from
@ 10 o, with weighted constants G' =[11,..1]/L.
Averaging is applied in the uniform grid of the frequency
range o, /@, =1,1, L =100.

In Fig. 2 shows the radiation pattern of a radio
interferometer consisting of two N = 16 elementary
antenna arrays. The base between them is M = 100 times
larger than the size of one antenna array.The dashed curve
represent narrow-band AP at the same frequency, the full
curve represent broadband AP. From the analysis of Fig.
2 it follows that a decrease in the level of side lobes
(compared with narrow-band AP) is observed as they
move away from the main lobe. At the same time, within
0.1 of the width of the main lobe of the antenna array
(Fig. 3, expanded scale), the side lobes practically do not
decrease - the first positive side lobe is -0.6 from the
main. A decrease in their level is possible due to the
expansion of the frequency range or the use of processing
signals from several clusters (antenna arrays), for
example, by summing these signals in an interferometer.

For the case of three bases of interferometers with
sizes M1 = 100; M2 = 125; M3 = 150 calculated the total
DN. The calculation was carried out in accordance with
(4) and taking into account the same antenna arrays.

(4)
J cosfy M (N -1)}

3 L
an=3 57002 o, -3 O
|

Fig. 4 shows a fragment of the total AP. It shows a
decrease in the side lobes to the level of the side lobes of
a single antenna array used in the interferometer. Further
optimization of the radiation pattern is carried out by
choosing the frequency ranges of interferometers and
weighting factors when summing the signals.

-4 -3 -2 -1 0 1 2 4 Y, deg

Figure 3: AP of the interferometer at the same frequency and
when averaging in the frequency range (expanded scale).
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Figure 4: The total AP when summing the signals from
the outputs of 3 interferometers (expanded scale).

4. Conclusion

The proposed approach extends the capabilities of
radio interferometry in the formation of AP due to
temporary processing in frequency channels. Due to
weighted processing, the resolution of interferometers is
increased, the confusion effect is reduced when receiving
signals from closely located radio sources. In general, the
choice of the frequency grid and weighted multi-
frequency signal processing provide a decrease in the
level of side lobes, increase the resolution, and also
reduce the influence of interference.

The computational capabilities of weighted processing
are real-time, taking into account the rotation of the Earth,
scanning the beam and the angular arrangement of radio
sources...The computational capabilities of weighted
processing may be carry out at real-time, taking into
account the rotation of the Earth, beam scanning and the
angular arrangement of radio sources.
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