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ABSTRACT. The development of digital technologies
for multi-frequency signal reception in the low-frequency
range creates the prerequisites for the application of opti-
mal algorithms for real-time beamforming without chang-
ing the aperture of the radio telescope antenna.

In the present paper, a model of the system based on
multiplicative processing (MP) is considered and investi-
gated. The system consists of two antenna arrays, the sig-
nals from the outputs of which pass through the narrow-
band filters of receiving devices. After filtration, they un-
dergo MP and weighted summation. Next, we consider an
algorithm for the formation of a narrow beam of the an-
tenna pattern (AP) of a multi-frequency radio interferome-
ter based on the well-known cosinusoid summation me-
thod. Its meaning lies in summing up the results of multi-
plicative processing of signals from the outputs of several
spatially separated different scales bases. In work, using
MP, a method is proposed for reducing the width of the
main lobe of AP on one base by receiving signals at sev-
eral frequencies. The further development of the method is
associated with the optimization of the AP in multi-
frequency MP, which leads to the possibility of lowering
the side-lobe levels by weighing the signals from the out-
puts of the MP channels. For this purpose, for the sum of
odd cosine waves, it is necessary to determine the weight-
ing factors that ensure the minimum root-mean-square
level of side lobes in a given zone of AP suppression. As a
result of MP processing, we obtain a decrease in the am-
plitudes of side lobes with an insignificant increase in the
width of the antenna pattern of the antenna system. In
work the algorithm of suppression of broadband hin-
drances is also considered. The synthesis of the optimiza-
tion algorithm is reduced to the need to determine the
weighting coefficients and frequencies that provide the
minimum rms level of the side lobes of the AP in a given
zone of suppression, with a limited range of frequency
separation. These methods are proposed to use in radio
astronomy to improve the quality of research.

Keywords: antenna array, multiplicative processing,
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ABCTPAKT. Po3BuTok nH(pPOBHX TEXHONOTIA IS
0araTo4acTOTHOTO MPUIOMY CHTHAIIB Y HU3bKOYACTOT-
HOMY Jiana3oHi CTBOPIOE MEPeIyMOBH Ul 3aCTOCYBaHHS
ONTUMAIILHUX  aNroOpuTMiB  (OpMYBaHHS  JiarpaMu

cnpsimoBanocTi ([IC) B peanbHOMY uaci 6e3 3MiHHM amnep-
TypH aHTCHHU Pai0TeNIECKOTIa.

v npeAcTaBiIeHIiH  poOoTi
JOCHIKYETHCS MOJIeTIb  CHCTEMH Ha OCHOBI
MYJIBTHILTIKATHBHOT 00poOKHu (MO). Cucrema
CKJIaAa€ThCs 13 OBOX AHTEHHHX pEIINTOK, CUTHATH 3
BUXOJIIB SIKUX, IPOXOJISITh Yepe3 BY3bKOCMYTOBI (QiIbTpH
npuiitManbHUX TpucTpoiB. [licas  ¢inpTpamii  BoHH
mignaroteess MO # BaroBoMy mijcymoByBaHHIO. Jlami
PO3TIISIAETHCS ATOPUTM (POPMYBaHHS BY3bKOTO MPOMEHS
niarpamu CIIPSIMOBAHOCTI 6araTo4acTOTHOTO
pamioiHTepdepoMeTpa Ha OCHOBI BiIOMOTO METOAY Iij-
CYMOBYBaHHSI ~ KOCHMHYCOil. 3MicT HOTO TOJsATae B
MiZICYMOBYBaHHI Pe3yJIbTaTiB MYyJIbTHILTIKATHBHOT 00p00-
KM CHTHAJIB 3 BUXOJIB JEKiJIHKOX MPOCTOPOBO PO3HECE-
HUX JIBOKaHaJIbHUX 0a3 pi3zHOro macmtady. Y po6oTi,
BuKopHcTOBYI0our MO, NpONOHY€ETHCS METO]] 3MEHIIICHHS
mupuHU rojoBHoro nentoctka JIC Ha oxmHii 6a3i 3a paxy-
HOK IPUHOMY CHUTHAJIIB Ha JEKLIBKOX dacTtorax. [lomans-
i PO3BUTOK METOAY MOB's3aHuil 3 omTuMizamiero JIC
y OararouactoTHiii MO, IO MPHBOAXUTE A0 MOXIHUBOCTI
3HIKCHHS PIBHS OIYHHX TETIOCTKIB 32 paXYHOK 3Baxy-
BaHHS CUTHATIB 3 BUXOAiB kaHamiB MO. J{ns miei meTH,
JUIL CyMH HETapHUX KOCHHYCOiJ HEOOXiTHO BU3HAYMTH
BaroBi KoeilieHTH, Mo 3a0e3MeyyloTh MiHIMAJIBHUH ce-
PEIHBOKBAIPATUYHUN piBEHb OIYHHUX TETIOCTKIB Y
3amaHii 30HI 3HMKeHHS piBHA JIC. Y pesynbrati MO 006-
poOKu OIEPKYEMO 3MEHIIEHHS aMIUTITyx Oi4HHX
MEJTIOCTKIB TpH He3HayHoMy 30imbmieHHi mupuHu JC
AHTEHOI cUCTeMHU. Y POOOTI PO3TIANAETHCS TaK CaMo aj-
TOPUTM 3MEHIICHHS HIMPOKOCMYTroBHX 3aBaja. CuHTE3
NTOPUTMY ONTHMI3allii 3BOJAUTHCS IO HEOOXiTHOCTI BH-
3HAYCHHS BaroBWX KOCQIIIEHTIB 1 4acTOT, m[o 3abe3me-
9YIOTh MIHIMaIbHUHA CEepeIHhOKBAPATUUYHUN pIBEHBb
6iuyanx nemoctkiB JIC y 3anmaHiii 30HI 3HIDKCHHS, IIpH
oOMexeHOMYy Jiama3oHi po3Hocy 4dacToT. IlepepaxoBaHi
METOIH MPOTOHYEThCS BUKOPUCTATH B PagioacTPOHOMII
JUTSI TIOJITIIIEHHS IKOCT1 MPOBEACHUX JTOCIIIKCHb.

pO3IIISLAAETHCS 51

Kro4oBi cjioBa: aHTEeHHA pelIiTka, MylIbTHILTIKATUBHA
00poOKa, onTHMI3allis, AlarpaMa CIpsSIMOBOBAHOCTI.

1. Introduction

Striving for the effective use of decameter wavelengths
in radio astronomy leads to the need to improve hardware
and algorithmic tools to: increase the samplel signal size,
increase noise immunity, and improve the quality of the
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antenna pattern (AP) of the antenna with limited aperture
sizes (Men, 1997 ), (Konovalenko, 2016). An effective
way to increase the sample size is to use the properties of
the broadband signal, due to which sample accumulation
can be performed at several frequencies (Men, 2000),
(Shaw, 1965). In this case, it is necessary to take into ac-
count the dependence of the AP shape on the carrier fre-
quency, especially the width of the main lobe and side
lobes. The development of digital technologies for multi-
frequency signal reception in the range of 10200 MHz
also creates prerequisites for the application of optimal AP
formation algorithms in real time without changing the
aperture of the radio telescope (RT).

This article proposes algorithms for optimizing AP due
to signal processing at several frequencies. A system of
radiometry based on multiplicative multi-frequency signal
processing is being modeled, the possibilities of minimiz-
ing the level of side lobes of AP are being investigated.

2. Model of the system under study

The system under study based on multiplicative signal
processing (fig.1) consists of 2 sub-arrays AP, AP;, the

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

quencies, then subjected to MP and weighted summation
with coefficients g;.

0, — _
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Figure 1: Radiometry system with multi-frequency proces-
sing

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 repre-
sented as

U, @O =Uexpf(a+i,)+@,} =Uexpj(at+@, +y;)}
Uy (@) =Uexp (@) (¢ —1)) +@, } =Uexpf(ar+@, ) 1.(1)

Where 1o — the delay time of arrival of the wave front

along the aperture of MP, the size of which
d=2A/2=nv/w is matched with the wavelength 4,

main (first) carrier frequency @ = @,, speed of wave
propagation v, W, =, =7r(w,/®)cosep - the
phase of spatial delay of the wave front arrival at the fre-
quency @, , ¢ — the angle of the wave front arrival rela-

tive to the normal of AP base , ¢g— the initial phase. It is
[ =1,..,L, the ampli-

tude, phase and mutual frequency distortions are elimi-
nated to the accuracy of power leveling in frequency chan-

nels P=2F =<U”*U2l>, [=1,..,L , where < >

are the averaging symbols of the process over time.

assumed that in filters @y;, Dy,

3. Algorithm for the formation of a narrow beam
AP multifrequency radiointerferometer

A known method of forming a narrow beam receiving
antenna is the method of summing up cosinusoids (Deni-
sov, 2002), which consists in summing the results of mul-
tiplicative processing of signals from the outputs of sev-
eral spatially separated two-channel bases of different
scale.

A method is proposed for reducing the width of the
main lobe of the AP on one base by receiving signals at
several frequencies. The signals Uj;,U,; from the out-

puts of a pair of filters tuned to odd / =2i—1 frequencies
are subjected to MP

U= Zi, g Rel U;,ZI—I y=U Zi, 8y O (2 —Dy}.

The output signal, taking into account the AP of the
same sub-arrays Y(w), determines the AP of multiplica-

tive processing D(y)

Ui =U2Y2 )Y cost@l -y} =U2Y2@)Dy) (2)

It is easy to show that when using odd frequencies and
equal weights ( g;=1), the AP MP is determined by the

relation (Gradstein, 1971)

D) = Zlel cos{(2l -y} =0,5sin(2Ly)/sin(y) (3)

The level of maximum side lobes of AP (3) is -6.6 dB,
while for linear N =4L -clemental AP with the same
beam width is -13.2 dB. The difference between them is
explained by the fact that (3) determines the AP of the MP
in power, and the AP of the linear AR has a similar form
in amplitude.

4. Optimization of AP of multi-frequency MP

A further decrease in the level of side lobes of the AP
MP, it is possible to carry out by weighing the signals
from the outputs of the MP channels. For the sum of odd
cosinusoids, it is proposed to perform optimization in the
following formulation: it is necessary to determine the
weighting coefficients g; that ensure the minimum root-
mean-square level of side lobes in a given zone of AP
suppression.

The output signal with regard to (1) and (2) for odd
frequencies, taking into account the AP of the same sub-
arrays Y (), determines the AP of multiplicative proces-

sing D(y)
U, =U Y1), cos{Ql Dy} =UY*(y)Dy) . (4)
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Imagine the normalized signal at the output of the
L - frequency MP in the form

y=U_|U*=G"X , (5)

6blX

where X' ={cos@,cos2,..,cos(2L—1)¢} — the

vector of signals of the angular direction ¢ from the out-
puts of MP, Gl = {g1.82.--.g} - the vector of weight-
ing coefficients. Then the function H minimized by the

vector, with the signal ST ={L1,..,I}, with the angular
position in the maximum of the AP (¢ = 0), is determined
by the expression

o 2
H =min | y*(p)dg,

Where z — the side lobe suppression zone,
ze[Krn/2L, n/2], K — the coefficient of expansion

npu G'S=L (6

maxim AP.
In the matrix form (6) has the form (7)

H=infG'R,G, 7

GTS=L

where Ryy - the correlation matrix of the input signal
with the elements

7 =L cos[ (2 ~T)p]cos[(2/ ~glde =

05 sinKz(i+j-1)/L I sinKr(i—j-1)/L %) (8)
_ i+j—1 i—j-1
mz-zwn-%, i=j

To find the vector G, the method of indeterminate
Lagrange multipliers « is used and an auxiliary function

(Burakov, 1976) B =0,5G! RyyG+a(STG-1L) is in-
XX

troduced. After equating the derivative to zero dB/dG =
0, the solution of the resulting equation is

G=RuSSTRAS L. 9)

On Fig. 2 shows the antenna pattern consisting of two
dipoles ( line 1), the same antenna, but using MP with the
same weights (line 2) and the same antenna, but with op-
timized weighting coefficients (line 3).

Figure 2: Optimization of the antenna pattern

Analysis of AP MP with weight processing (9) showed
that with a given widening of the main lobe K = 1.1, the
level of the maximum side lobe is -11.2 dB, and for the
zone of moderate expansion of the main lobe ( K <2.5) the
level of the maximum side lobe decreases up to -21 dB.

5. Algorithm for suppressing broadband interfe-
rence

The possibilities of lowering the side lobes of the AP
in a narrow frequency separation range (as compared with
the previous algorithm), with a deviation from the refer-
ence frequency @ = @, in the range (1 ... 1.5) @ are in-
vestigated. The reduction of the root-mean-square level of
side lobes of the antenna array antenna pattern can be car-
ried out in a given region, if in the whole region the max-
imum of the antenna directive gain is provided.

The optimization algorithm is synthesized in the fol-
lowing formulation: it is necessary to determine the
weighting coefficients and frequencies that ensure the
minimum of the root-mean-square level of side lobes of
the AP in a given suppression zone, with a limited fre-
quency separation range.

The output signals of the adjacent equidistant N -
element sub-arrays 1 and 2 at an arbitrary carrier fre-

quency @, , taking into account (1) and (2), have the form
N , .
Uy(0)=2, Uexp{jlo,(t+,G=D]+py} =
N . .
= z,':1U exp{j(ot+@, +(i-Dy,)} =
_Usin(Ny, /2)
sin(y, /2)
Usin(Ny, /2)
sin(y, /2)

exp{j(@f+@y +(N-Dy,/2)

U,@)= expij(ot+¢, —(N-1y,/2),

where v, =wt, = w(w,/w)sing — the phase of the
spatial delay of the arrival of the wave front at the fre-
quency @,;, @ - the angle of the arrival of the wave front

relative to the normal to the array, taking values in the
interval [—7/2,7/2].

Then the output signal after summing the frequency chan-
nel responses is determined

U, = Re{UUU;’,} =

6blX

. 2
_r St sin(Ny, / 2) YR (10)
248 (—Sm(% 2 | costv(V-D3

Similar to the method of the previous optimization of the
AP, we represent the normalized signal (10), as a function
of the angle ¢ of arrival of the wave, at the output L -

frequency MP as
y=U, U =Y ex(9)=G"X.

where the elements X of the vector signals from the
L outputs of the MP are determined by the expression
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_ (sin(Nﬁ(co, /2w)sin@)

sin(r(e, / 20)sin @) J cos{(N -1 (e, / w)sing}-

Then the function A minimized by the vectors G,€2 , with

the signal S T - {L,1,..,1} , with the angular position at the
peak of the AP (@ = 0), is determined by the expression

— 1 2 Tg _
H=min[y*(@)dp,  npu G'S=L (12)

where the minimization of the functional is carried out
along two vectors G,{) of variables, z — the side-lobe

suppression zone, z €[@,@,], Q' ={w,,...,0,} -
selected frequencies containing wideband interference. If
the set of M frequencies €2 is predetermined and its size
M = L coincides with the size of the vector G, then the
optimization problem is solved by the previous method. If
it is necessary to select L individual channels of multi-

channel reception from the full set of all M > L frequen-
cies, optimization (11) is carried out for each combination
of the M and L then, after going through all the combi-
nations, the global minimum is determined. Reduction of
computational operations can be achieved using a priori
information about the number of interference and the zone
of possible interference directions. There is a known theo-
rem (Shirman, 1974) that for the complete suppression of
M point-like interference, additional M frequency chan-
nels of are sufficient. From this it follows that to suppress
1 point interference, 1 additional frequency channel is
sufficient. In this case, the choice of the frequency at
which the amplitude of the side lobe is equal and opposite
in the direction of interference of the main and additional
frequency channels is the simplest. The suppression ad-
justment is implemented by a single multiplier.

The zone of possible interference suppression is deter-
mined by the objectives. If it is necessary to suppress the
signal of an interfering space radio source that falls into
the side lobe of the AP, then the range of angular direc-

tions ((p1 ,(pz) is known. In this case, only individual side

lobes corresponding to the interfering radio source are
minimized. If it is necessary to compensate for interfer-
ence from terrestrial radio stations (RFI2010, 2010), then
side lobes are minimized in a given zone of large angles

((Pla(Pz)~ On Fig. 3 shows the APs of the 64-element

antenna sub-arrays, N = 64, for two frequency channels
with frequency detuning @, / @, = 1.1. The analysis of

dependences showed that for two-frequency processing
with an angular separation of radio sources of more than
1.4 degrees, side lobes may already have different signs in
the frequency channels.

In radio astronomical signal processing systems, vari-

ous methods of adaptation to changes in the parameters of
the ionosphere and to disturbing radio sources began to be
introduced (Barnbaum, 1998),
(Afroimovich, 2008). The proposed approach allows ad-
aptation by selecting frequencies and already with two-
frequency processing L = 2, forming zeros in the direc-
tion of the interfering radio source.

rpag

W
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Figure 4: The side lobes of the AP at the same frequency
and with averaging over the frequency range

In practice, to reduce the level of side lobes of the AP, a
quasi-optimal algorithm is often used, which consists in
averaging (10) in the frequency range from to with con-
stant weighting coefficients. In Fig. 4 shows the fragments
of the side lobes of the AP at the initial frequency (line 1)
and when averaged in a uniform grid of the frequency
range @, / @,= 1.1, L= 100 (line 2).

It is easy to see that the efficiency of the averaging
method is insignificant for angles less than 4 degrees and
significantly increases with large angular detuning of the
studied and interfering radio sources.

6. Conclusion

The proposed approach expands radiometry capabili-
ties in relation to radio astronomy in the formation of AP
due by time processing in frequency channels. Open the
way to adapt to interference without the use of auxiliary
antennas. Computational methods of adaptive processing
are realizable in real time, taking into account the rotation
of the Earth, scanning the beam and the angular location
of interfering cosmic sources.

In general, the choice of frequency grid and weighted
multi-frequency signal processing provide a reduction in
the width of the main beam of the beam with limited an-
tenna aperture sizes, an increase in the signal-to-noise
ratio, as well as a decrease in side lobe level and interfer-
ence effects.
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